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The next big climate challenge 


Governments should work together to build the supercomputers needed for future predictions 


that can capture the detail required to inform policy. 


ion and policy than computer models of Earth’s climate. These 

models, which unanimously show a rising tide of red as tem- 
peratures climb worldwide, have been key over the past decade in 
forging the scientific and political consensus that global warming is 
a grave danger, 

‘Now that that consensus is all but universal, climate modellers 
are looking to take the next step, and to convert their creations from 
harbingers of doom to tools of practical policy. That means making 
their simulations good enough to guide hard decisions, from targets 
for carbon dioxide emissions on a global scale to the adaptations 
required to meet changing rainfall and extreme weather events on 
regional and local scales 

‘Today's modelling efforts, though, are not up to that job. They 
all agree on the general direction in which the climate will move 
as greenhouse gases build up, but they do not reliably capture all 
the nuances of today’s climate, et alone tomorrow's. Moreover, each 
model differs from realty in different ways. 

It wasin recognition ofthis that a cross section of climate modellers 
gathered fora ‘summit’ at the European Centre for Medium-Range 
Weather Forecasts in Reading, UK, last week (see pagé 268). The 
meeting called for an ongoing project aimed at understanding and 
modelling the climate system well enough to provide the sorts of 
prediction that policy-makers and other stakeholders need — or, 
at the very least, to show why such prediction:mightnot, in fact, 
be achievable. Key to this project would beone or more dedicated 
facilities offering world-class computational resources to the climate- 
modelling community. 


Fs scientific creations have had greater impact on public opin- 


Aclear resolution 
‘Those resources are notably lacking atthe moment. The world’s very 
fastest computers run at hundreds of teraflops (which is to say, hun- 
dreds of trillions of mathematical operations a second), and the first 
forays into the petaflop range are expected by the end of the year. But 
today’s climate models rarely run on machines that can manage more 
than a few tens of teraflops. This translates into spatial resolutions 
ofa hundred kilometres or so. There was a general agreement at the 
summit that more realistic models will require resolutions in the tens 
of kilometres, at least. And even higher resolutions —a kilometre or 
less, say — may well be needed to handle such critical issues as cloud 
formation realistically. Hence the need for computers a couple of 
‘generations beyond the current state of the art. 

‘Meeting this need is not just a matter of buying a supercomputer. 
It means moving climate modelling up the petaflop pecking order 
fora sustained period of time. One plausible goal might be to assure 
that the most powerful supercomputer in the public realm should be 
devoted to climate work by 2012, and that the field's lead should be 
regularly renewed for several computer generations after that. After 


all, the fastest computers are nearly always paid for out of the world’s 
Public purses, often for use in areas of national security such as com- 
‘munications intelligence or nuclear weapons design, And climate 
prediction isa national security issue ifever there was one. 

If funding agencies were to embrace such a goal, the implica- 

tions would go well beyond money. Profound changes would be 
required of the community itself. Because the cost over a decade 
or more might easily top billion a 
dollars, suchan investment incut- "Climate prediction is a 
ting-edge climate modelling would national security issue if 
all but certainly have to be done ever there was one." 
multinationallysor even globally. 
‘This would pull climate modelling into the world of ‘big science’ 
alongside space telescopes and particle accelerators — a transforma- 
tion that would require new, and possibly disruptive, institutional 
arrangements 


Living large 

Aware of budgetary realities and the history of scientific centraliza- 
tions, national centres of climate modelling and expertise such as, 
Britain's Hadley Centre or the US National Center for Atmospheric 
Research might reasonably see the development as a threat. Inter: 
national collaborations such as CERN — the European particle: 
physics laboratory — and the European Southern Observatory have 
served the scientific communities of their member states well, yet have 
undoubtedly taken their toll on national facilities. With the upcoming 
inauguration of the Large Hadron Collider (LHC) at CERN, Europe 
will have the world's best particle-physics facility — but it will have 
‘very few of its other particle-physics facilities, 

‘This analogy is not, however, fully convincing, Building an LHC 
does not make it significantly easier to build lesser accelerators. But 
advances in supercomputing do make it easier to build computers 
formerly known as super: a petaflop will seem slow in less than a 
decade. A world facility where teams of researchers try out very 
high resolutions and new techniques, and where software engineers 
and programmers learn how to get the most out of bleeding-edge 
hardware, will require a network of more modest centres around the 
world from which to draw its problem-list and into which to feed its 
insights. A range of operational climate-prediction capabilities could 
help keep modelling close to stakeholders’ needs, and lessen the all- 
eggs-in-one-basket group-think risk ofa global facility. 

An ambitious climate-modelling facility dedicated to solving prob- 
lems beyond the capability of today’s national programmes carries 
risks, but they are risks worth taking, The world’s governments — and 
even, conceivably, its high-tech philanthropists — should listen to the 
modellers. Big science is often, and gloriously, justified on the basis 
of pure intellectual excitement. This field offers that — and a chance 
to improve the world as well. . 
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Stuck in the mud 


The Environmental Protection Agency must gather 
data on the toxicity of spreading sewage sludge. 


environmental regulations on residential and industrial waste- 

‘water, operators of sewage-treatment plants embraced what 
seemed an eminently sensible idea. They decided to take the rich 
organic sludge left over after clean water is extracted and sell it to 
farmersas fertilizer, 

‘The practice proved popular, and has become increasingly com- 
mon internationally. Today, some 60% of sludges, innocuously 
dubbed ‘biosolids’ by the US Environmental Protection Agency 
(EPA), are used as fertilizer in the United States. 

‘The programme might well beas sensible ast seems. Itis possible 
that the millions of tonnes of sludge being spread across the rural 
landscape contain no significant levels of toxic chemicals, heavy met~ 
als or disease-causing organisms. It may all be perfectly benign. The 
disturbing fact is that no one knows. 

In what can only be called an institutional failure spanning more 
than three decades — and presidential administrations of both parties 
— there has been no systematic monitoring programme to test what 
in the sludge. Nor has there been much analysis of the potential 
health effects among local residents — even though anecdotal evi- 
dence suggests ample cause for concern. 

In fact, one of the studies used to refute potential daagers, 


Sz 30 years ago, as the United States began to tighten its 


published in the Journal of Environmental Quality in 2003 by research- 
ersat the University of Georgia in Athens, has been called into ques- 
tion (see page 262), Even the National Academy of Sciences seems to 
have been taken in, A 2002 report from the academy cited the then 
unpublished Georgia work as evidence that the EPA had investigated 
and dismissed claims that sewage sludge had killed cattle, but the 
study had not looked at the dairy farms in question. And although 
itmay be technically true that there was no documented evidence 
of sludge applications causing human illness or death, the academy 
also cited work by an EPA whistleblower, David Lewis, suggesting at 
least an association between these factors. anything, recent research 
underscores those findings, 

‘The Georgia citation notwithstanding, the academy did outline a 
sound plan for moving forward. Itrecommended among other things 
that the EPA improve its risk-analysis techniques; survey the sludges 
for potential contaminants; begin tracking health complaints; and 
conduct some epidemiological analyses to determine whether these 
reports meriteconcern, 

‘The EPA has €ompleted none of those tasks. Six years late, the 
agency is only:now trying to finish its evaluation of potential con- 
tansinants and has yet to establish a system for monitoring reports 
of health problems. Agency officials say that they are working 
oon risk-analysis tools, but have yet to undertake any kind of epide- 
iological studies. 

‘The EPA certainly has other competing priorities, and the fault 
here does not lie only with the current administration or any single 
researcher, Regardless, these safety questions deserve answers, and 
the EPA should be able to deliver them. It is time to get the data, = 


Negative results 


Retracted papers require a thorough explanation of 
what went wrong in the experiments. 


fic method in action. Two papers published by biochemist 

Homme Hellinga and his students at Duke University Medi- 
al Center in Durham, North Carolina, claimed a breakthrough in 
rational enzyme design. Last year, another chemist found that Hell: 
inga’s enzymes didn't actually work, which led to the retraction of the 
two papers this February (see page 275). Then, this March, a third 
_gtoup published research showing that rational enzyme design really 
is possible. All has ended happily, it seems, with the field marching 
forward in triumph. 

But examined more closely, the episode reveals some less than 
happy aspects of science as itis actually practised. For example, the 
problems with Hellinga’s enzymes were identified by John Richard 
at the State University of New York in Buffalo, who hoped to use the 
proteins in his own work. In effect, Richard and his two co-work- 
ets wasted seven months and tens of thousands of dollars failing to 
reproduce the results ftom Hellings’s lab. Richards subsequent efforts 
to correct the scientific record thus came at considerable cost, with 


N t first glance it seems to beashining example of the scien- 


no discernable benefit to his own career. 


‘This is a perennial problem in science. Many researchers who 
come across non-reproducible work save themselves extra hassle 
and money by simply not pursuing it further. Meanwhile, those who 
refuse to let it go — like Richard — gain nothing. 

‘The process has been even more difficult for Hellinga’s former 
student, Mary Dwyer. Hellinga accused Dwyer of faking data in the 
now-retracted papers, although he apparently had no evidence of 
intentional wrongdoing on her part. A Duke inquiry later cleared 
Dwyer of any misconduct, but her mentor’s accusations could be 
more damaging to her career than the retractions. 

‘The situation highlights the vulnerability of students in the system 
of scientific mentorship. Indeed, Hellinga’s decision to accuse Dwyer 
was questionable, As Dwyer’s adviser, Hellinga was responsible for 
training her. If she made mistakes, they are ultimately his responsi- 
bility. Instead, by accusing her, he cut off any possibility of frank and 
open discussion. 

In the end, despite Richard's work, a misconduct inquiry and 
two retractions, the scientific community still does not know what 
went wrong, and may never know. This is perhaps most damag- 
ing to Hellinga, as the scientific community is now unsure whether 
to trust his prior and subsequent work. He and Duke owe the world 
a more thorough explanation of his conduct, and of his scientific 
work in question. Until then, this episode will continue to be a 
cautionary tale about the weaknesses — not the strengths — ofthe 
scientific process. . 
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RESEARCH HIGHLIGHTS 


NEUROSCIENCE 


Hearing what and where 


‘Nature Newrosc. 11,609-616 (2008) 
Neuroscientists have long thought th: 


Deep-sea cheetahs 
4. Anim, ol do:1031/)1365-2656.2008,01393.x (2008) 
Atfirst glance, pilot whales and cheetahs seem 
Unlikely to have much in common, but researchers 
have found atleast one similarity: a tendency tosprint 
ater prey, sacrificing energy for speed, Thisisthe fst 
demonstration of sprinting at depth in deep-diving 
‘marine mammals 
‘Natacha Aguilar Soto of La Laguna University in 
Tenerife, Canary Islands, and her colleagues tagged 
23 shortfinned plat whales (Globicephalo 
mocrorhynchus), They found that the whales, 


brain uses different regions to locate sounds 
and to analyse them, as is known to be true 


for vision, Stephen Lomber of the University 
of Western Ontario in London, Canada, now 
provides behavioural evidence that this isso. 
Lomber trained cats to locate the source of 
‘sound, and then to discriminate patterns 
of sound. When he chilled the cats’ posterior 


auditory fields, they got worse at pinpointing 


‘sound's source; when the cats’ anterior 
auditory fields were chilled, they were worse 
on the pattern discrimination task. The test 
supports the idea that the brain processes the 


‘what’ and 'where’ of sound in parallel. 


PALAEOCLIMATE 
Methane didn't act alone 


Geology 36, 315-318 (2008) 
Methane outbursts from seafloor deposits 
are unlikely to have been the sole cause of an 
extreme episode of global warming around 
the time of the Palaeocene-Eocene Thermal 
Maximum some 55 million years ago. 

Karla Panchuk of Pennsylvania State 
University, University Park, and her 
colleagues configured an Earth-system 


model with early Eocene geography to assess 


the involvement of potential carbon sources 
with distinct isotopic signatures, 

Methane could have produced an observed 
negative carbon-13 isotope bump, but 
couldn't have caused the calcium carbonate 
dissolution in the oceans estimated from 
sediment layers. The team suggests that a 


carbon pulse of atleast 6,800 gi 


igatonnes 
three times what methane could produce 
is needed to reconcile the observations. 


GEOSCIENCE 


The dust settles 


Global Biogeochem. Cycles 22, GB2006 (2008) 
Iron-rich dust, blown from arid lands and 
dropped into the oceans, isan important 


which chase'squid to depths of up to about 


alle 


nvtrient for phytoplankton. But according 
to Thibaut Wagener at the Oceanographic 
Laboratory of Frances National Centre for 
Scientific Research in Villefranche-sur- Mer 
and his colleagues, estimates for dust flux are 
n the Southern Hemisphere 
in global climate-change models. 

They collected and analysed dust (see 
left, a silica particle entangled in sea sal 
cruises in the southern Pacific and Indian 
‘Oceans. The authors argue that the amount 


of iron in upwelling plumes of water limits 
phytoplankton growth in these oceans. 


QUANTUM OPTICS 
Open the box 


Europhys. Lett 82,3002 (2008) 
How can online gamblers be sure that the 
casino isn't cheating? They can't — but the 
quantum gambling machine devised by Yi 
‘Sheng Zhang and colleagues at the University 
jology of China in Hefei 
could put an end to that. In their system 


of Science and Tech: 
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,000metres, often sprint after their food, 


andean reach a maximum speed of 
‘9 metres per second. The 
finding contradicts the 
‘expectation that deep- 
diving mammals swim 
atslower speeds to 
conserve oxygen. 


the casino placesa particle in a quantum 


superposition, where it isin two ‘boxes’ at 
once until the gambler opens one, ‘collapsing 
the particle into either box with equal 
probability. The gambler bets against the 
casino about which box the particle will be in, 
The casino then sends the gambler the 
unselected box for checking: the quantum 
rules mean that ifthe casino tampered 
with the probabilities to bias the result, the 
gambl 
Zhang and colleagues have demonstrated 


sa chance of finding out, 


the game using photons in superpositions of 


polarization states. Three detectors measure 
the result: two read the photon‘s state, and the 


third checks for tampering. 


NEUROBIOLOGY 
The heart in the head 


Science 10.1126/scienceTI53651 (2008) 
Dohumans care more about distributing 
goods efficiently or fairly? Is this decision 
rational or emotional? Steven Quartz of 


the California Institute of Technology in 
Pasadena and his colleagues used functional 
magnetic resonance imaging to investigate 

The team made participants pretend to 
take meals away from orphans. They could 
take away either fewer meals in a more 
efficient distribution, ar more meals in a 
fairer distribution. The researchers found that 
more efficient decisions correlated with more 
activity in a brain region called the putame 
whereas decisions that emphasized fairness 
correlated with more activity in the insula, 
which is involved with emotional processing 
Differences in decisions came down to how 
averse participants were to inequity 


ASTRONOMY 


A galaxy far, far away 


Asrophys. 1.678, 647-654 (2008) 
Astronomers have spotted what seems to be 
the most distant galaxy ever observed. 

The galaxy dates to 13 billion years ag 
when the Universe was less than a billion, 
years old, Larry Bradley of Johns Hi 
University in Baltimore, Maryland, and 
his colleagues spotted it by pointing the 
Hubble Space Telescope at a nearby galaxy 
cluster. The clusters mass, about a thousand 
times that of the Milky Way, wor 
Jens, magnifying the light from t 
behind it 

Bradley says the team now plans to try 
and obtain the galaxy’s spectrum in order 
to confirm its distance. Such data could also 
provide important insights into how galaxies 
formed in the early Universe 


EcoLoGY 
Hand-me-down bacteria 


Int Soc. Microbial Ecol 2, 510-518 (2008) 
Developing earthworm embryos weed out 
unwanted microbes, while attracting their 
favoured bacterial symbionts to colonize 
their excretory organs. 

Eisenia foctida bequeath their offspring 
gift of Acidovoras-like bacteria, deposited 
directly into egg capsules where embryos 
will develop. Seana Davidson and David 
Stahl of the University of Washington in 
Seattle watched as the bacteria colonized 
the developing earthworm embryo. They 
found that the Acidovorax-like bacteria 
‘were selectively recruited to a small canal 
ineach segment of the earthworm, where 
they lingered until excretory organs called 
nephridia developed sufficiently for the 
bacteria to colonize them. This selectivity for 
their symbionts suggests that the embryas 
fend off colonization by other microbes 


EcoLocy 
Hot chicks 


Science 320, 800-803 (2008) 
A.47-year study of British great tits (Parus 
‘major; pictured below) shows that these 
birds can adapt to a changing climate 
purely through changes in behaviour,a 
phenomenon known as phenotypic plasticity 
Great tits at Wytham, near Oxford, now 
lay eggs an average of 14 days earlier than 
in 1961, keeping in step with the earlier 
profusion of moth larvae for feeding their 
chicks, report Ben Sheldon at the University, 
of Oxford and his colleagues. This has been 
achieved purely through behavioural change 
rather than genetic selecti 
the fact that laying is tightly coupled to peak 
larval abundance even though springtime 
weather varies randomly from year'to year. 


. as shown by 


CHEMISTRY 
Disulphide dichotomies 


4. Am. Chem. Soc. doi: 103021/jaB00180u (2008) 
Chemists have measured how much a bond 
between two atoms stretches in the transition 
state, which is the short-lived phase between 
the initial and end states in a chemical reaction. 
Sri Rama Koti Ainavarapu and Julio 
Fernandez at Columbia University in New 
York and their colleagues developed a force 
clamp technique to use in ‘single-molecule 
force spectroscopy’ Using this, they held onto 
individual molecules and stretched them so 
as to trigger the reduction of a disulphide 
bond in a protein, invoking the transition 
state of the reaction. The researchers could 
then measure the distance between the 
sulphur atoms as they stretched apart. 
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RESEARCH HIGHLIGHTS 


JOURNAL CLUB 


Carl Bergstrom 
University of Washington, 
Seattle, Washington 

‘An evolutionary biologist 
‘considers the virulence of 
‘emerging infectious diseases. 


‘When a pathogen — for example, 
HIV—emerges nto the human 
population, it adapts to growth 

and transmission in human hosts. 
‘Atthe same time, its virulence 
{often measured by case mortality) 
typically changes as well. On the 
basis of theoretical arguments and 
examples suchasthe myxoma virus, 
conventional wisdom holds thatif 
disease: highly virulent at firs, it 
willrapidly evolve reduced virulence 
so.astomaximize transmissibility, 
‘Theidea is that pathogens face a 
Virulence-transmissibility trade-off: 
strains that killor even incapacitate 
theirhosts are unlikely to spread 

as broadly as those that keep their 
hosts alive and mobile. 

(One might think — and some 
have argued— that we can take 
comfort from such reasoning, By 
this logic, the 609% mortality rate 
seen in human cases of HSN1 avian 
influenza should rapidly attenuate 
were a human pandemic to occur. 
Butin the inauguralissue of 
Evolutionary Applications, Bull and 
Ebert refute this thinking using a 
clear, simple mathematical mode! 
1, Bull &D. Ebert Evol. Appl. 1, 
172-182; 2008). 

‘As someone working on the 
dynamics of emerginginfectious 
diseases, find this paper 
fascinating and sobering in equal 
measure. The gist ofits argument 
is that trade-off models may not 
apply well to emerging infectious 
diseases, precisely because they 
are still emerging. When a disease 
first entersa new host, it can be 
far from the optimum point on the 
Virulence-transmissibilitytrade- 
off curve. Its early evolutionary 
trajectory may be contingent on 
‘mutation supply and thus very hard 
to predict: virulence might dectine, 
but could also initially rise. 

The implications are clear. We 
need to invest now in disease 
surveillance, public-health 
infrastructure and pandemic 
planning. We cannot count on 
evolution todo our work for us, 


Discuss this paper at http://blogs. 
nature.com/nature/journalclub 
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NEWS 


Farmer Andy McElmurray won 
his court case against the US 
Department of Agriculture over 
land poisoned by sludge fertilizer. 


Raking through sludge exposes a stink 


‘A former US Environmental Protection Agency 
(EPA) scientist is suing the agency's officials 
and researchers at the University of Georgia in 
Athens, alleging that they manufactured and 
Published false data to support the use of poten: 

tially harmful sewage sludges as fertilizers. The 
sludges have been linked to health problems in 
humans and cattle — and even deaths 

‘The False Claims Act lawsuit brought by 
microbiologist David Lewis, who says he was 
forced out of the agency, alleges that EPA offi 
cials and University of Georgia researchers 
fraudulently orchestrated a grant and then fab: 
ricated data to ensure that the EPAS biosolids 
programme would come out smelling pretty. If 
the charges stick, the scientists and EPA offic 
cials could be held personally liable and may 
be forced to pay back the original grant as well 
as some USS4.6 million in subsequent grants, 
plus penalties. 

“Thisis one ofthe few ways that you can hold 
people accountable for bad 
science and indeed for using 
false information to create 
that science; says attorney Ed 
Hallman of Decker, Hallman, 
Barber & Briggs in Atlanta, 
who filed the lawsuit on behalf 
of Lewis and two Georgia dairy farmers. 

Atthe heart ofthe case isa study by agricul- 
tural engineer Julia Gaskin of the University of 
Georgia and her colleagues, which concluded 
that using sludge asa fertilizer “should not pose 
a risk to animal health’. It was used in a 2002 
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“Data on sewage 
sludge were unreliable, 
incomplete, an 
some cases, fudg 


report by the US Natiéinal Academy of Sciences 
(NAS), which brushed aside allegations that 
livestock had been killed by the toxic biosolids. 
The reportstates, withiexplicit reference to the 
Gaskin study, thatthe EPA had investigated 
these casesiand found “no substantiation” to 
the allegations. Gaskin and her colleagues pub: 
lished their study a year later in the Journal of 
Bavironmental Quality’. 

The lawsuit alleges that the researchers con 
t¢aled their own evidence that sewage sludge 
applications contaminated land and probably 
Contributed to cattle deaths on two dairy farms 


in Georgia, according to recently unsealed court 
documents. They then conducted a new study 
on different land — using sewage-sludge data 


that were known to be “fudged’, in the words 
of one federal judge — to show that the use of, 
biosolids is safe, according to the lawsuit. 

Gaskin would not talk about specifics but 
says she stands by her work. She also says that 
the paper was never intended 
to study problems with 
biosolids on the dairy farms. 
“The purpose of this paper 
was not the focus that has 
been alleged” she says. “That 
was not part of this effort” 
University officials and the EPA declined 
to comment on the lawsuit or discuss the 
biosolids programme. 

The US biosolids programme, which dates, 
back to the 1970s, relies on residential and 
industrial wastes routed through thousands 


in 
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of water-treatment plants. Some 60% of the 
residual sludges from the process — several 
million dry tonnes annually — are now used 
as fertilizers rather than being buried or incin: 
‘erated. But questions remain about the sludges’ 
impact on human and animal health — the 
programme has been the subject of multiple 
lawsuits for more than a decade. 


Court ruling 

In February, district court in Augusta, Geor 
‘gia, ruled in favour of the McElmurray family, 
which had sued the Department of Agricul- 
ture for farm subsidies on land they could not 
plant because of various contaminants from 
sludge, including cadmium, molybdenum, 
arsenic and thallium, Judge Anthony Alaimo 
described a “broad consensus” that data on the 
city of Augusta’ sewage sludge toxicity and its 
application were “unreliable, incomplete, and 
in some cases, fudged” 

‘These were the same records that were used 
in the Gaskin study to calculate application. 
rates on the farms that they analysed, and 
documents suggest that the researchers knew 
there were problems with the data. In one draft 
ofthe study, University of Georgia soil scientist 
William Miller scrawled a note with a smiley 
face saying: "We should fess up here that we 
dont know exact rates of application or specific 
characteristics of sludges applied.” 

Miller did not respond to e-mails or phone 
calls from Nature, In a recent interview with 
Associated Press, however, he acknowledged 


HAVEYOURSAY 
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these doubts but maintained that the study 
“does not include fake data’. 

“Tm at a total loss to look at anything in the 
Gaskin paper or its conclusions that are not based 
‘on fabricated data or the concealment of their 
‘own data;’ says Lewis, who claims he was forced 
out ofthe EPA in retaliation for his research into 
the health impacts of sewage sludge. 

In 2002, Lewis and his colleagues published 
a study in the journal BMC Public Health doc 
‘umenting reported health problems among 
more than 48 people who lived near fields 
where ‘Class B’ sludges — the most common 
and least sanitized — were applied”, Some 25% 
cof those surveyed were infected by Staphylocoe: 
cus aureus, which contributed to two people's 
deaths, This research was cited in the 2002 NAS 
report as well, although the report stated that 
there was no “documented scientific evidence” 
to substantiate reports of human illnesses or 
death, The academy said thatit was not charged 
with evaluating human health claims but went 
‘on to acknowledge a “persistent uncertainty” 
about health impacts, 

‘The NAS report recommended that the 
EPA conduct a new survey of chemicals and 
pathogens in sewage sludge, begin systemati 
cally tracking health complaints, and conduct 
epidemiological studies to assess the impacts of 
biosolids. The EPA has yetto implement these 
recommendations, although officals say a new 
survey of toxic chemicals found in sludges is 
due out later this year 

Last year, team led by epidemiologist Sadik 
Khuder of the University of Toledo in Ohio 
Published similar findings to those of Lewis’ 
team, Their larger study found that the risk of 
various health problems correlated with the 
proximity to farms where Class B sludges had 
been applied’ 

“We have no idea what's going into the 
waste-stream,’ says Murray McBrid@ direc 
tor of Cornell Waste Management Institute 
in Ithaca, New York. He says that there are 
unknown risks from cleaner ‘Class A’ sludges 
as well, because the sterilization process doesn't 
kill all the pathogens and doesn affect a host 
of other chemicals used in modern industry. 
“MeBride says that the scientific community and 
regulatory agencies have been slow to address. 
these questions because of the huge economic 
and institutional investment in the biosolids 
programme. “There's vested interest now in 
keeping this land application going” he says. 
Jeff Tollefson 
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German universities bow to 
public pressure over GM crops 


Scientists have decried the decision by two 
German universities to pull the plug on 
field trials of genetically modified (GM) 
crops, calling ita “disgraceful” interference 
‘with scientists’ freedom to research. 

“Tam not happy at all with this decision” 
says Stefan Hormuth, president of the 
Justus Liebig University in Giessen, Hesse. 
“Unfortunately, we were no longer able 
to deal with the massive opposition from 
politicians and the general public. The 
university has a reputation in the region 
that we cannot risklosing” 

Last month, the university a 


younced 


that it would stop its planned cultivation 
es 


of insect-resistant GM 
maize in nearby Gross~ 
Gerau after activists 
‘occupied the 1,500-square- 
metre field, Another local 
field trial of GM maize, in 
Rauischholzhausen, was 
also stopped because of 
massive protests from the 
publicand localpoliticians. 
Both trials had been 
approved by the national 
consumer protection and food safety body 
(BVL) and were to be conducted on behalf 
‘of Germany's authority for agriculture 
variety and seed affairs. 

Earlier in April, the rector and external 
advisory board of Nartingen-Geislingen 
University in Baden-Warttemberg, 
“urgently recommended” that a facult 
member stop his field trials on insect- 
resistant and fungal-resistant GM maize. 
‘The experiments, which were also 
approved by the BVL, had been going on 
since 1996. “We have always been very 
al ofthis kind of research,” says 
‘economist Werner Ziegler, the university's 
rector. “Lately things got out of control. 
‘There were e-mail attacks, vandalism, 
intimidation and personal threats. People 
started calling us‘Monsanto University’ 

‘The final straw, Ziegler says, was 
‘when the local population brought food 
and blankets to activists occupying the 
university's Oberboihingen test site. Local 
media and supporters hailed the illegal 
action asa brave act of civil inconvenience. 

‘The university's experiments were led 
by Andreas Schier, who studies fungal 
toxins in maize. Although legally the 
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‘Andreas Schier had to stop 
his field trials of GM maize. 


university could not have forced him to 
stop the field trials, he says he eventually 
gave in because the pressureon him had 
become too great. “Scientifically, there 
was no reason whatsoever to discontinue 
the experiments,” Schier says, “But 
scientific arguments don't count in a 
climate of mass hysteria.” 

Schier claims that Ziegler and members 
‘of the advisory board threatened to publicly 
distance themselves from him and his 
research if e were to continue, “I couldn't 
stand the pressure any morey’he says. 

‘The incidents reveal a new level of public 
hostility to plant genetic engineering in 
Germany, says Heinz Saedler, 
a director at the Max Planck 
Institute for Plant Breeding. 
Research in Cologne, which 
this year is not cultivating GM 
crops cither.“Itisa very sad 
thing that some universities 
here haven't got the backbone 
to withstand ilegal activism 
and public pressure,’ he says." 
honestly don't have much hope 
left for the future of academic 
research on GM crops in Germany.” 

“Ifit is indeed true that universities in 
Germany hinder faculty members from 
doing field research on GM crops for fear 
of being vandalized by anti-GM activists, 
then thisis disgraceful says Vivian Moses, 
visiting professor of biotechnology at 
King's College London. 

Vandalism and the destruction of GM 
‘crops have been common in Germany and 
‘elsewhere in Europe since field trials began 
2 yearsago. Asa result, academic research 
in the field is becoming scarcer. Germany 
hosts around a third of the European field 
trials this year, on an area of just 30 hectares 
Europe's GM crop-cultivation research is 
almost negligible compared with that in the 
United States, Brazil and Canada. 

“Work in the field is no longer 
appreciated because there isa perception 
that commercially it doesn’t lead 
anywhere, a least in the short term,’ says 
Moses. “We need to face up to reality: is 
the global food crisis upon us, and must 
‘we take action, or will Europe continue to 
actasan ostrich, doing its best to ignore 
modernagricultural technology?” 
Quiein Schiermeier 
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Flights of green fancy 


Air travel shows no sign of losing its allure but its environmental 
impact is not going to go away. Katharine Sanderson looks at 
some of the ways that scientists and engineers hope to reduce 
the carbon wing-print of aircraft. Streaming attrac globally could 
improve lelefiiency by 12%, saving 
73 milion tonnesof carbon dioxide 
emissions yea according tothe 
Intergovernmental Panel on Climate 
ChahgesGeneva's international Ai 
TWanspért Association claims that 
uti igh timesby minute could 
saveupt6 48 milion tonnes of CO, 


Replacing all the metal in aircraft aluminium an 
with lightweight composite materials with fibreglass, making itm 
could reduce fuelconsumptionby and impact-resistant. GLAR 


sin impregnated 


25%, says aeronautical engineer be combin 


with largest 


lan Poll of Cranfield University, of conducting carbon nan Pere Lies 


UK. The fuselage of Boeing's 787 to protect against lightning. The (and $4 Bilin at current prices) year 
Dreamliner plane, to be unveiled nanotubes would be a lightweight 
in 2009, s made entirely of plastic _replacement for the metal that lines 


MATERIALS 


feinforced with carbon fibre. Halt the fuselage, and would form what's 
of the aircraft's weight will come known as a Faraday cage 

from composite materials. Airbus's 
megaplane, the A380, 

which has been flying preg 
since last October, 

has a composite i 
material in 

sections ofits m 
upper fuselage. 

The material, 

called GLARE, Pee 
Ismade from 
alternating 
thin ayers of 


Airbus’s super-sized A380 can carry small planes, says Dennis Bushnell 
£853 people in economy class and of NASA's Langley Research Center 
has afuelefficiency af 29 litres per in Hampton, Virginia. Such plar 
passenger per 100 kilometres. The could be powered by fuels that are 
firm predicts that inthenext 20 years, damaging tothe environment than 
allclasses of passenger planeswillbe current sources 

25% bigger than they are taday. "We The concept of aflying car remains 
believethat oneofthesolutionstotry popular, with many prototypes 
toreducethe environmentalimpactof _Terrafugia, based in Woburn 
aviation istohave fewer fights,"says Massachusetts, has a 

Airbus spokesman Justin Dubon. Transition, which has wings that fold 
Conversely, global satellite ut for flying and retract for driving 
positioning systems could lead to (sketched abov 

personal, autonomous aiflight on be available in 2009 for US$148,000. 


7264 


FUEL 


Algae look like the most likely candidate source 
faran aviation biofuel that won't compete with 


food for land. Algal biofuel can be made by 


cultivating high-fat-content algae to produce 


abiodiesel for use ina blend as et fuel (see 


scheme), Other companies are looking at algal 


fermentation pracesses, hoping to make an 
aviation fuel directly. 
In February, Airbus made atest flight with 


a synthetic liquid fuel made from natural gas. 
Such strategies pave the way to incorporating 
biomass-to-liquid fuels in the future, once they 
‘canbe produced routinely from algae or other 


feedstocks such as jatropha or prairie grass. 


Ross Walker, engineering programme manager 
foralternative fuel projects at Airbus, predicts 

that commercial flights will be powered by 25% 
bbjofue! by 2025. Whether 100% biofuel will be 
used is less certain "but it’s an aspirational goal 
for the industry’, says Boeing's Terran 


bofuelied, parasailing flying-car (ph 

{from London to Timbuktu, Mali, next year. 
Nuclear power would remave the need for 

‘222s turbine. The idea was first touted in the 

1940s, and experiments were done by bath 

the US and Russian governments during the 

cold war. Nuclear planes are dismissed by 


Re 


ae 
ers 


= 


Biodiesel 


Intoday’s engines, the turbine if asimilar 
size to the engine fan, and they both spin 
at the same speed. But turbines are most 
efficient when spinning quickly, and engine 
fans are most efficient when going much 
slower. Introducing aseries af gears allows 
the turbine to spin much faster than the 
engine fan, which can inturn be bigger 
without demanding much more power from. 


the turbine. A bigger fan ensures that most 
‘of the thrust comes from air that avoids 
the inner fuel-burning part of the engine 
— improving performance and reducing 
fuel burn. Engine manufacturer Pratt & 
Whitney in Connecticut is developing a 
‘geared turbo-fan that promises initial uel 
savings of 1596 and additional savings of 
196 per year after the engines come into 
service. The engines have been snapped up 
by Japanese company Mitsubishitouse on 
the Mitsubishi Regional Jet. and Canadian 
aerospace company Bombardier will be 
using the engines onits CSeries, Both are 
due to enter servicein 2013. 

Another aternative's to use open-rotor, 
‘or unducted, fans with rotor blades that are 
free from any casing, removinga lot of drag 
from the system. But these fans would need 
tobe large, potentially cancelling any fuel 
efficiencies by needing heavier propeller 
blades. They would also be very noisy. 
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some 2s too risky in case of crashes. 
In December, APAME, an association 
promoting electrical aircraft based in St 
Pierre d'Argencon, France, flew Electra, the 
first conventional plane ta fly on battery 
power alone, using lithium polymer batteries, 
Christian Vandamme, Electra’ pilot, predicts 
that a battery-powered four-seater plane willbe 
available in the next 10 years, and beyond that 
the development of a small commuter plane to 
carry up to 20 passengers. 
A plane powered by hydrogen — the 
European Union and Airbus Cryoplane project, 
launched in 2000 — never came to fruition 
because technologies to provide enough 
hydrogen for fuel a 
Boeing is testing fuel-cell technology using 
a small demonstrator aircraft, which is some 
15-20 years away from publicuse. A fully solar- 
‘powered manned aircraft, Solar Impulse, plans 
fo fly through the night, and round the warld, in 
:2009 (see Noture 451, 884-886; 2008). 
Others are investigating the possiblity of using 
aitships to transport freight around the globe 


not yet available, 


The biggest chance tomake aerodynamic 
improvements, and so save fuel, will come 
from new wing shapes. Blended wing 

body designs (see image below) are being 
developed to replace the tube-and-wing 
design now in use, A tubular fuselage is 
parasitic — it adds to the drag on the vehicle, 
but doesn't provide ltt. Blended wing bodies 
remove the need for a fuselage: passengers 
can sit within the wing, as long as they don't 
mind not being able to see outside. The shape 
means that lift is generated over almost the 
entire structure. Drag isalso reduced because 
the wetting area — the amount of the plane's 
surface in contact with the air—is reduced 
ina blended wing body compared witha 
conventional tube-and-wing design, so there 
isless friction between the wing and the ai 
The ‘Silent’ Aircraft Initiative by the University, 
cf Cambridge, UK, and the Massachusetts 
Institute of Technology in Cambridge, uses a 
blended wing shape to try to reduce noise to 
almost zero by improving aerodynamics and 
shielding the engines from the ground, which 
also saves fuel. 


Bicvion/acencnihsn 
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Wide mapping of stress 

helps to pinpoint when and 

where the Earth willerack 
pnature.com/s 


Charged clouds 
The Chaitén voleanoin southern Chile 
erupisaftermorethan9,000 years 
af dormancy, spewing ash some 30 
tilometresintothe shy splume 
stretches hundreds of lomeres across 
neighbouring Argentinato the Atlantic 
(Ocean. The evption hos blanketed the 
surrounding province wth ayer of soo, 
forcing the evacuation of thousands of 
people and threatening tbury the town of 
Chaitén, tenkiiometres away. The spewed 
tases arehighin slic and ow insulphur 
particles sothe eruptions unitely to 
fave alargeeffecton the climate 
For decades scientists observing 
eruptions have seen lightning of the sort 
pictured here, but sergin ae stilnot 
wellunderstood. study ofan Alaskan 
Volcano found that the ash particles 
tpeming rom the mouth of crater were 
Highly charged (RJ Thomas et ol Science 
35,1097; 2007). €xperts think that 
similar particles ae behled these 
thunderstorms 

uml 


ty 


Aside-splitting tale 


Researchers who used a device to simulate 
human copulation report that more than 90% 
of condom breakages occur when the sheath is 
stretched repeatedly in the same place without 
returning to a relaxed state between stretches, 

International standards for condom testing 
require two evaluations of the tensile strength 
ofthe condom material. One measureshow far 
ring of the material elongates when stretched 
between two rollers; the other involves inflating 
condom untilit bursts and recording the pres: 
sure and volume at which that happens. 

Buta sticky problem remains: clinical tri 
als have reported failure rates of around 1% 
due to breakage, but the sample sizes were 
too small to reliably indicate why the devices 
break, Laboratory tests of condoms made of 
varying thicknesses and materials have done 
a poor job of duplicating real-world splitting 
making it difficult to design safer condoms. 

Now, a team led by Nicholas White, head 
of quality control at SSL International in 
Cambridge, UK, which owns major con. 
dom brand Durex, has attempted a more 
realistic model of sex with acondom, using 
a device with an adjustable ‘thrust-hole’ 
diameter, thrust rate and lubrication. 


Firétthe team used a microscope to exam 
ine the breaks in 972 male condoms made of 
latex or polyurethane that were returned to the 
‘company between 198 and 2005 by dissatis: 
fied customers. More than 60% of these con 
doms were broken at the closed end, often with 
an outwards circular rupture that the research 
calls an ‘eruption; where there had been no 
‘manufacturing flaw in the condom film, nor 
any evidence of misuse 

The researchers replicated this breakage pat 


‘An apparatus simulating sex was used to test condoms. 
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te device 


by altering the parameters of th 
so that the test condoms were progressively 
stretched at the tip during repeated thrust 
ing. As expected, latex, from which the vast 
majority of condoms are made, showed a bet 
ter elastic recovery than polyurethane, which 
is thinner and used in more expensive condom 
products. Yet both materials tended to break 


in the same way, irrespective of theie elastic 
ties (N.D. White, D. M. Hilland §, Bodemeier 
Contraception 77, 360-365; 2008). 

Just about the only thing that humans 
aren't strong enough to break, that is also 
thin and flexible enough, is parachute 
nylon — but that’s porous, 
White. He hopes that the research will 
help in the design of condoms that can 
better withstand eruptions. 

Given the importance of condoms in 
stopping sexually transmitted infections 
as well as unwanted pregnancy, research to 
understand and then eliminate breakages is 
vital,’ says Lisa Power, head of policy at the 
Terrence Higgins Trust, an HIV charity in 
London, UK. “The safer we can make them, 
the happier alotofpeople willbe” 
‘Anna Petherick 


comments 
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They say they 
wanta revolution 


Climate scientists call for major new modelling facility. 


Climatologists have called for massive invest 
‘ment in computer and research resources to 
help revolutionize modelling capabilities. The 
‘eventual aim is to provide probabilistic climate 
predictions that are as useful, and usable, as 
weather forecasts. 

Atthe end of a four-day summit held last week 
at the European Centre for Medium-Range 
‘Weather Forecasts in Reading, UK, the scientists 
‘made the case fora climate-prediction project 
‘on the scale of the Human Genome Project. A 
key component of this scheme, which would 
cost something up to, or over, a billion dol 
lars, would be a world climate 
research facility with compu. 
ter power far beyond that cur 
rently used in the field 

Questions on how severe 
the effects of global warming will be, and which 
regions will be hit in what ways, are beyond 


the capabilities of current climate science, at 
least in part because of computing constraints. 
Today's climate models are run on computers 
in the 10-teraflop range, meaning they are 
capable of 10 trillion ope 
Despite this speed, models on these computers 
are still coarse-grained, cutting the world into 
cells more than 100 kilometres across. 
Increasing computing power 10,000 times 


ations a second. 


“We need to be 
breathtakingly bold.” 
— Leo Donner 


to speeds in the hundreds of petaflops 
would allow modellers to study simulations at 
the kilometre scale, enabling better predictions 
oon the activity of hurricanes and, eventually, 
the local deep convection that transfers much 
energy into the upper atmosphere (see'A real 
solution?’). This research could then be fed 
into operational models. 

The scientists think they could answer at 
least some of the ‘big’ questions on the effects 
of global warming ifthe technology was avail 
able. But delling effortsy 
such as those of the Met Office in xeter UK, of 
the National Center for Atinos 
pheric Research (NCAR) in 
Boulder, Colorado, arent attract 
ing the required level of funding, 

Ithough Japaris Earth Simula 
tor in Yokahama was once the world’s fastest 
computer, there are now 29 faster ones, with the 
first petaflop machines only months away. 

We need tabe breathtakingly bold, frankly 
in terms of some of the calculations that we're 
going 19 doin order to push the climate-pre 
diction effort forward.” says Leo Donner, a 
physical-scientist at the Geophysical Fluid 
Dynamics Laboratory of Princeton University 
New Jersey. Antonio Navarra, a climate model 
ler at the National Institute of Geophysics and 


jional climate. 


Researchers from around the world 
gathered inReading, UK, for the summit 


Volcanology in Bologna, Italy, spells out the 
nplication: “We're reaching the point where 
national resources are insufficient to answer 


the scientific questions 
More money and cutting-edge challenges 
would also provide some hope of retaining 
highly trained programmers with expertise in 
climate modelling. Conference chair Jagadish 
Shukla of the Institute of Global Environment 
and Society in Calverton, Maryland, says this 
resource is “decreasing faster than the sea ice” 
as staff are lured from research by the finan 
cial rewards and jab security provided by 
companies such as Google, 
Addressing the summit on its opening 
economist Jeffrey Sachs, the director of 
the Earth Institute at Columbia University, 


Areal solution? 


Is the answerto climate 
prediction sitting in your pocket? 
Lenny Oliker, John Shaif and 
Michael Wehner of the Lawrence 
Berkeley National Laboratory 
In California think it could be 
Ina proposal discussed at the 
Reading climate-modelling 
summit (see main story) they 
suggest that the very small 
processors in mobile phones 
‘might be ideal components for 
very large climate computers — if 
20 million of them could be wired 
together in the right way. 
Torunatthe sort of 
kilometre-scale resolution 
that could accurately model 
cloud processes, they argue, a 
computer has to beable torun 
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atasustained speed of around 
10 petatlops, and a peak speed 
of pethaps 20 times that or 
more. Ifbuilt with traditional 
high-performance chips such 

as AMD's Opteron or Intel's 
Xeon, such a machine would be 
extremely expensive and power- 
hungry — perhaps requiring 

as much as 100 megawatts. 
Processors developed for cell 
phones are small — less than 

a square millimetre in area 

— and frugal in theie power 
requirements, needing less than 
a tenth of a watt each. These 
advantages, the researchers 
argue, far outweigh the slower 
speed at which such processors 
work and would permit 


construction of a multi-petaflop 
computer that was much 
cheaper both to build and to run, 

In some ways this isan 
extrapolation of the approach 
that IBM has taken to its 
successful Blue Gene line of 
supercomputers, which also rely 
‘on many relatively small and slow 
processors. But it goes further in 
the sheer number of processors 
and in an architecture designed 
specifically for the demands of 
climate calculations, rather than 
general-purpose computing, 

Per Nyberg of Seattle-based 
supercomputer makers Cray — 
which, ike rivals IBM and NEC, 
sent speakers to the summit with 
an eye to business opportunities 
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— was understandably sceptical 
You can come up with back- 
of-an-envelope calculations 
about how cheaply you can 

build a computer but you have 
tobe very, very careful” He 
argues that radical approaches 
can founder on software and 

con efficiency of usage, with a 
useful rate of number crunching 
far below the peak speed. And 
ifthe machine doesn't work 
asadvertised, the expense 

of developing programs for 
itcould be wasted, Wehner 
acknowledges the risks, but 
thinks careful prototyping 

and code development could 
minimize them. "We should build 
itand see," he-says. OliverMorton 
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New York, said that there would be “a lot of 
interest among politicians in investing the 
hundreds of millions of dollars necessary, if 
scientists can provide answers to key ques 
tions... such as future food supply” Although 
{governmentsare the obvious source of funding, 
Lawrence Gates, a naw-retired climate scientist 
from the Lawrence Livermore National Labora 
tory in California, urged the attendees to explore 
philanthropic options 

How increased investment is divided between 
new facilities and existing ones is likely to be 
controversial, Some fear that a single global 
institute could threaten national centres, poten 
tially taking the onus off governments to fund 
the institutions that are closest to stakeholders 
and could be expected to provide the predic 
tions that have most real-world use. “Everyone 
is agreed that there needs to be a substantial 
investment in climate modelling, but whet 
single centre i the solution isanother question. 
There may be other ways,” says John Mitchell, 
the chief scientist at the Met Office. Donner says 
thata sketch, presented on the conference’ last 
day, of how the global facility might fit into the 
research world "seems to relegate national cen 
tres to little more than distributors of data” 

However, Shukla was adamant that “every sci 
ence breakthrough leads to the formation af an 
institute to address the problem’, “Weare facing 


State of the art 
amodel (let) 
fromthe UK 
National Centre 
{for Atmospheric 
Science and the 
Met Office running 
‘on Japan's Earth 
Simulator. 


a darwinian change in the way we are working 
and We shouldn't be afraid of that” says Navarra 


The meeting could have come to grief on such 
differénces, according to Julia Slingo, the director 
‘ofthe Centre for Global Atmospheric Modelling 


atthe University of Reading, but in the end the 


Tevel of consensus, she says, was “fi 


stic 

Various attendees expressed frustration at the 
fact that the new facility could not be funded 
purely on the basis of the world-class science it 
would do — and indeed the fact that it would pro: 
duc arch might count against it, mak. 
ing it seem more like a “toy for the boys” than a 


cat re 


policy-informing instrument. 
If we just ask for enhanced under 

standing, then we have very litle chance 

of getting the necessary funding 


from NCAR put it “we need a quantum 
leap in research to provide better pre- | 
dictions, even ifthe politicians dont 

get that’. And there was widespread | 
agreement that they need to get it fas. 

We need a revolution asithas got to J 
bedone extremely quchy’ st Brian J 
Hoskins, director ofthe Grantham } 


Institute for Climate Change at Imperial k 
College London, UK. — 


Olive Heffernan 
See Editorial page 257. 
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( - 
warned Shukla. But as Mitch Moncrieff \£ Patit Primes 


<<itis important 
because if you're 
driving down the 
highway and you saw 
acrash ofa small 
spaceship anda car or 
a bus full of kids, you 
really wouldn't know 
what todo.” 


Denver citizen Jeff Peckman explains 
his proposed ballot initiative to 

create an Extraterrestrial Affairs 
Commission. The city i obliged to 
discuss the measure. 


‘This one's for you 
Canadian singer/songwriter 

‘Neil Young now hasa trapdoor 
spider named after him: the 
Myrmeklophila neityoung! 

(pictured), Long may you 
run... away from it, 


extracted data froma 
partially melted hard drive that 
fell to Earth after the Columbia 
shuttle explosion in 2003. 


‘Short-lived art 
Curatorsat the New 
York Museum of 

Modern Arthave had tokillan 

artwork consisting ofa tiny jacket 


made of living stem cellsafterit 
grew too big. A 
8 
sto send astronautstoan ; 
asteroid 3 
J. With height asteroids 3 
easier than going to the Moon, H 
2. Noonehas 
beentoanasteroid 
betore ay 
l 
« Everyoneloves LL 
LePetit Prince 
ANASA study 
J outlining sucha 
: plans due tobe 
published soonin 
‘Acta Astronautiea. 


Sources: Rocky Mountain News, Art 
Newspaper, Yahoo News, thestarcom 


Space telescope lands new 
career in bomb detection 


NASA's Compton Gamma Ray Observatory 
plunged into the Pacific Ocean, ina planned 
de-orbit, in 2000, But its spare partsare now 
being used to help detect dirty bombs. 

James Ryan, an astrophysicist at 
the University of New Hampshire in 
Durham, has recycled parts from one of 
the telescopes old instruments. He aims 
todetect y-rays emitted by radioactive 
substances, such as plutonium, uranium 
and caesium. These elements could be 
used in bombs that combine conventional 
explosives with radioactive material 

“If we can detect aluminium-260n the 
other side of the Galaxy, we can detect 
this stuff on the other side of the street?” 
says Ryan, who presented results from a 
prototype detector on 12 May in Boston, at 
a conference sponsored by the Institute of 
Electrical and Electronics Engineers and the 
US Department of Homeland Security, 


Farm bill reduces support 
for corn ethanol 


US lawmakers have agreed on wide-ranging. 
agricultural legislation that would reduce 
the federal subsidy on ethanol produced 
from maize (corn) by 12%. It marks the first 
move to scale back government support for 
biofuel that has been linked to rising food 
pricesand deforestation abroad. 

‘The farm bill, worth nearly $300 billion, 
would direct federal agricultural policy 
for the next five years, doling out money 
for agricultural subsidies, nutrition 
programmes, conservation projects and 
international food aid. It would reduce 
ze ethanol subsidy from 51 to 45 
cents per gallon; critics have called forts 
complete elimination. The bill also creates 
new incentives for the developmentof 
advanced biofuels that would not compete 
with food crops. 

‘The bill is expected to clear Congress this 
week. But the White House says it will veto 
the bill because it fails to reduce agricultural 
subsidies at a time when rising crop prices 
are lining farmers’ pockets. 


Risingso0d priceshave 
benefited US farmers. 


Forest clearance boosted power of Cyclone Nargis 


As the death tall rom Cyclone eer if 
Nargis climbs toan estimated RE ts |e i 
100,000 or even higher in Myanmar, 
researchers are working to identity 
the factors that made'it so deadly. 
The category-4 Nargis, which 
struck Myanmar on? May, has 
far surpassed the death toll of 
Cyclone Sid, which killed at least 
3.500 people in Bangladesh last 
November, andis approaching that 
ofthe 1991 Bangladesh cyclone, 
Which kled some 138,000. 
Mangroves and coastal forests 
in Myanmar’ Irawaddy Delta have been extensively cleared in the past decade, mainly tomake 
‘way for shrimp farms and rice paddies. The loss ofthat natural protective barter intensified the 
destruction, conservation experts say. Areas where mangroves had been conserved saw less 
destruction than other regions in the 2004 indian Ocean tsunami 


Cosmologist quits Britain 
over poor physics funding 


A leading cosmologist is leaving the 
United Kingdom for Canada, in part, he 
says, because of the government’ attitude 
towards funding physics research. 

Neil Turok, a cosmologist at the University 
of Cambridge, says that recent funding cuts 
for fundamental physics in Britain “played a 
big role” in his decision to take up the post of. 
executive directorat the independent, non: 
profit Perimeter Institute for Theoretical 
Physics in Waterloo, Ontario. Turok says 
the cuts, anda desire for more applied 
research, are “thelatest in along history of 
the [government's] misunderstanding of the 
role of basic science’. 

‘Turok will bring valuable research and 
leadership experience to the institute, says 
Perimeter’s founder, Mike Lazaridis. 


Hefty funds lay foundations 
for stem-cell facilities 


‘The California Institute for Regenerative 
Medicine (CIRM), the state's stem-cell 
agency, has awarded $271 million to 12 
institutions to seed a building boom of 
research facilities across the state. 

‘The awards were made at the CIRM's 


smallest, $3 million, went to the 
of California, Santa Barbara. Every 
University of California campus except 
Riverside received an award, as did the 
Buck Institute for Age Research in Novato; 
the University of Southern California in 
Los Angeles; and a consortium of four San 
Diego institutions called the San Diego 
Consortium for Regenerative Medicine (see 
Nature 453, 18-21; 2008). 

California institutions hope the new 
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facilities, scheduled to be completed in two 
years, will help them recruit more scientific 
talent. The new buildings will bea boon for 
scientists working on human embryonic 
stem cells, but will also aid those studying 
other aspects of regenerative medicine, such 
as adult stem cells and immunology. 


Former NASA science 
director returns to post 


Long-time NASA employee Ed Weiler has 
been named permanent director of the 
agency's USS5-billion science division, 
returning to a position he held between 
1998 and 2004. 

Weiler, an astrophysicist, replaces Alan 
Stern, a planetary scientist who resigned 
in March after a dust-up with NASA chief, 
Michael Griffin over the Mars exploration 
budget. Weiler himselfis no stranger to such 
arguments; in 2004, he and Sean O'Keefe, 
NASA’ then head, had differing views on 
whether robotic servicing mission to 
the Hubble Space Telescope was a good 
idea. Later that year, Weiler took over 
directorship of NASA’s Goddard Space 
Flight Center in Greenbelt, Maryland. 

In general, Stern was praised by space 
scientists for his desire to boost launch rates 
and research funding. He also enforced 
strict accountability for mission cost 
overruns (see Nature 448, 978; 2007), which 
ruffled some feathers, especially the 
Mars community. 


NATURE.COM WINS A WEBBY 
[Nature.com has been named as the Best Science 
Website of 2008 in the 12th Annual Webby 
‘Awards (wwwwebbyawards.com).Hailed as 
the ‘Oscars ofthe Internet’ by The New York 
Times, the Webby Award winners are chosen 
bythe International Academy of Digital Arts 
and Sciences (IADAS), a global organization af 
industry experts and technology innovators. 
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Vishva Dixit's study of cellular demise led to the discovery of a new molecular-signalling mechanism 
— one with implications for inflammation and perhaps much more, reports Melinda Wenner. 


J» asmall, drab laboratory in Ann Arbor, 
Michigan, Vishva Dixit was getting bored. 
Itwas 1994 and although the University of 

T Michigan associate professor hada grant 

to continue his studies on thrombospondinga 
protein in the extracellular matrix, the work 
had become tedious. “I seemed tobe dotting, 
the ‘’sand crossing the "t's" he recalls," felt 
that I needed to be doing something more 
important” 

But what? Dixit had no idea. Biology’s ‘hot 
topic at the time was the cell cycle — specifi 
cally, how cells grow and divide — but that 
didn’t appeal to him. Then when reading the 
latest issue of Scientific American at home, he 


came across an article about cancer immuno: 
therapy that briefly mentioned the role that 
tumour necrosis factors play in cell death. That 
instantly caught his attention. “I was always 
‘greatly intrigued by death; he says, but quickly 
.cognizing how morbid that sounds, headds, 
‘Remember, I was trained asa pathologist” 
Although he may overstate the role a maga 
azine article played in his decision to change 
fields, it was a risk nonetheless. No one else 
at Michigan studied cell death at the time, 
and his own grant was intended to fund other 


workifif it didn't work out, I was done, 
Says — hewouldn't be able to renew the grant 
after having nothing to show for it. But that 
pressure, he says, galvanized him into action, 
and for the first time in years, he was excited 
I needed to be addressing a question that 
was important, where I could 
make some headway, where | 
felt L was having some impact 
he recalls. “This was it” 


one ad 


ambit paid off his lab = 
became famous for elucidating, 
in a series of landmark papers, what happens 
during cell death. Although he has now left 
academia — he is currently vice-president of 
research at Genentech, a biotechnology com 
pany based in San Francisco, California, and 
also oversees its postdoctoral programme 
Dixit is still drawn to the big mysteries, espe 
cially when the rest of the field is preoccupied 
with other things. “The scientific question one 
addresses is as important as the answer one 
gets” Dixit says, choosing his words carefully, 
much as he chooses his projects. 

Dixit has turned his attention to innate 
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entifi 


important as t 


immunity, winning recognition for his role in 
elucidating the function ofthe ‘inflammasome, 
a complex of proteins inside immune cells 
that initiates attacks against many pathogens. 
He suspects that the inflammasome plays an 
important role in a number of different dis 
eases, including type Il dia 
betes, He is also helping to 
develop cancer therapeutics 
based on his research on cell 
death signalling, several of 
‘which are now in early phase 

I clinical trials 

“He has had many different 
interests” says Andrew Chan, senior vice-presi 
dent of immunology and antibody engineering 
at Genentech. “He tackles the big questions, 
{goes after them with phenomenal rigour, and 
he perseveres” Dixit owns 53 patents and has 
Published 124 journal articles, some garnering 
more than 2,000 citations. 

Dixit’s ambition, disregard for convention 
and love for science have their roots in his 
childhood. He grew up in Kenya, where both 
his North Indian parents were practising phy 
sicians ata time when, he says, only USS1 was 
allocated per person per year for health care. 


fic question 


an 
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Ge 
developing new anticancer drugs. 


intech in San Francisco, California, is 


His mother told him stories about how drasti 
} cally African medicine changed when the first 
antibiotic became available 
and her husband told their dying patients that 
their best treatment was mountain air. "Then 


before then, she 


ane day you have streptomycin. For people like 
her, it must have been such a miraculous day 
Dixit says. “It made me think about wanting to 
do something in science that would influence 
the lives of peopl 

His interest in death also started in child 
hood, thanks to the ic-pathology books 
that his parents kept at home 
bizarre reason, those books fascinated me 
Dixit recalls, “They had all these totally revolt 
ing pictures of gun-shot wounds, of decapita 
tions that would be revolting to most kids, but 


For whatever 


that sort of captured me!” He decided to become 
«pathologist both because of his preoccupa 
tion with death and for practical reasons: it pro 
vided him with the most options." 


Pathology 
traversed all medical disciplines,’ he says, 
Dixit wasn't convinced, however, that asa 


physician he would be able to 
make a real difference. lt would 
be better, he thought, “to in some 
way contribate to the progress of 
medicine” or, in other words, to 
go into research. After complet 
ing his MD, Dixit left Kenya to go. 
to Washington University School 
of Medicine in St Louis to pursue 
his residency along with a labora. 
tory fellowship, After that, he was 
off to Michigan, 


Agreat big onion 
When Dixit started studying programmed cell 
death, all that anyone knew about the process, 
ited suicide after 
trigger molecules bound to death receptors 
the cell surface. In a series of cleverexperi 
ments, Dixit’ lab identified each component 
of the cell-death pathway — he named.one 
of the death proteins ‘Yama’ afier the Hindu 
h, although it ismow known as 
and determined how they were 
ected’, “It was, Ima way, abit like 
peel says Jack Dixon, a pha 
macologist at the University of California, 
San Diego, who was"also at Michigan at the 
time. “Every layer that they took off revealed 
something interest; 
One of the'things that Dixit uncov 
an entirely new form of cellular signalling, 
Until then, scientists predicted that receptors 
signalled either by serving as ion channels or 
by adding and removin 


he says, was that cells coma 


caspase-3 


all con 


g an onion, 


phosphate groups to 


A warming trend for the inflammasome 


‘Coming in from the cold means 
‘more to some than others. 
For those with familial cold 
autoinflammatory syndrome, brief 
exposure to cold temperatures, 
even air conditioning, can result 
infevers, rashes and other nasty 
reactions. In 2001, itand another 
rare inflammatory disease were 
linked to mutationsin the aptly 
named protein cryopyrin. The 
discovery was expected to lead to 
‘many insights into immunology 
and inflammatory disregulation* 
Indeed, a year later Jorg Tschopp, 
biochemist at the University of 
Lausanne in Switzerland, showed 
that proteins like cryopyrin 
could become part of alarge 
complex of proteins that spurs 
inflammation’. His group called 
itthe inflammasome and have 
since linked its activity to those 


m 


fare inhetited disorders and more 
common inflammatory reactions. 

Theinflanmasome forms when 
‘an adaptor molecule such as 
ceryopyrin, also known as NALP3, 
recognizes a toxic signal within 
thecell, These signals canbe 
components shed by pathogenic 
bacteria or even the urate crystals 
that cause gout 
allows the protein to recruit other 
‘adaptors ultimately forming a 
scaffold that activates caspases, 
protease proteins involved in cell 
death and inflammation (see 
diagram, opposite) 

Three inflammasomes — NALPI, 
NALP3 and IPAF, named after 
the adaptors they use —have 
been identified to date, “but there 
probably are many others”, says 
Richard Flavell,an immunobiologist 
at Yale University Schoo! 


The signal 


downstream effects of 
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of Medicine in New Haven, 
‘Connecticut. Each type responds 
todifferent threats, acting as 
adedicated alarm system: the 
NALPtinfiammasome responds 
to Bacillus anthracis (anthrax); IPAF 
responds to Salmonella, Shigella, 
Legionello and Pseudomonas. 
Recently, Tschopp showed that 
NALP3is activated by asbestos and 
is responsible for asbestos-related 
Jung inflammation and fibrosis*. 
However litte is known about 
what exactly each inflammasome 
detects it's possible that 
inflammasomes donot detect 
bacterial or viral products directly, 
but rather detect the secondary 
messengers produced by them. 
“That's where the black boxis,” 
‘says Vishva Dinit (see main story) 
By interfering with the 


and from proteins in a continuous game of tag 
A big question in the field was how, exactly, 
the death pathway started, and Dixit’s work 
revealed that death receptors use adaptor mol 
ecules to activate a cascade, initiated by pro 
tease enzymes called caspases, that ultimately 
dismantle the cell. In the "spectacular dance of 
death’ that follows, Dixit says, swatches of the 
cell membrane ‘bleb; bulging and blistering as 
they break away from the cytoskeleton; cavi 
ties form inside the cell; and the cells nucleus 
condenses drastically 

The signalling pathway was also far simpler 
than expected: Diait predicted that multiple 
steps separated the adaptor protein from the 
activation of the death proteases, but his lab 
discovered that the adaptor directly interacts 
with the pr 
“We realized the solution was embarrass 
ingly simple and was staring us in the face” 


jease vin a death effector domain’ 


he recalls. 
Dixit’s work soon attracted interest from 
Genentech, the company that had given him, 


free of charge, his first batch of tumour necro 


They sent mea veritable tonne of 
the stuff” he say's, He moved to the company in 
1997 

tion to basic rese 
the possibility of tr 


sis factor 


wed by its dedica 
ch; he was also attracted by 
slating his work into drug 


because he was impre 


development 


Genentech has developed death-recep: 
tor activating factors such as Apo2L/TRAIL, 
which are being tested in combination with 
drugs against non-Hodgkin's lymphoma, But 


Dixit largely has turned away from death, The 


inflammasome activation 
— specifically, by mopping up the 
immune regulator interieukin-B 
— pharmaceutical companies 
including Amgenin Thousand 
Oaks, California, and Regeneron 
in Tareytown, New York, have 
developed injectable medicines 
that show promise as treatments 
for inflammatory diseases. Ina 
pilot study reported last summer, 
one such medicine, anakinea, 
made by Amgen, lowered blood 
sugar levels and improved f-cell 
function in 35 patients with type ll 
diabetes". "It could be that 

the inflammasome detects 
problems — tao much glucose, 
for instance —andthat triggers 
interkeukin-If, which then triggers 
type diabetes," says Tschopp. 
Whatever the reason, the fieldis 
hotting up. MW. 


key questions have been answered, he says, He 
hasn't strayed far, though. When cells commit 
suicide, they build a protein scaffold that brings 
a caspase into contact with the death receptor. 
There are other types of immune-related cas 
pases present inside the cell, too; Dixit wanted 
to elucidate their function, because he assumed 
they are also important. 

Dixit and others, including Jrg Tschopp, 
a biochemist at the University of Lausanne 
in Switzerland, showed that just as the death 
caspases are recruited into an activating scaf 
fold, other immune caspases — in particu 
lar, caspase-1 — integrate into an activat 
scaffold named the inflammasome’ in 2002. 
This caspase activates immune factors called 
cytokines, which initiate an immune attack. In 
2004, Dixit’ lab provided unequivocal genetic 
evidence for the identity of specific scaffold 
components known as adaptors that are 
responsible for easpase-1 activation, and they 
showed that inflammasomes have the ability to 
distinguish between pathogenic attacks — for 
instance, between different types of bacteria 

through the use of different adaptors’. 


Amazing instincts 
The inflammasome may have important impli 
cations for medicine, particularly in treating 
inflammatory diseases, and maybe even in 
type Il diabetes (see'A warming trend for the 
inflammasome). In the meantime, Dixit con 
tinues to follow his instinets, which, colleagues 
say, are amazing, "He hasa really gifted sense 
of where to go with his science” says Jim Wells, 


by tosicor 
Hpathoneric molecules such 
frat crystals or by 
ia. When active 
Tasocates wth rotons hat 


help it to recruit and activate 
[petcaspares — the precursor 


that pay crucial 


acellular and molecular pharmacologist at the 
University of California, San Francisco, 

For example, while studying how immune 
pathways turn themselves off, Dixit’s group 
uncovered a surprising twist on a common 
cellular regulatory process called ubiquiti 
nation. Many proteins can be tagged by the 
addition of chains of protein labels called 
ubiquitins that are, as the name suggests, 
found all over most cells. Most of the time 
ubiquitination marks proteins as rubbish to 
be degraded and recycled, 


but in 2004, while studying “It was, ina way, abit like 
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may now havea roomy, windowed office with 
all the resources he needs at his fingertips, but 
colleagues say that he’s still the same guy he's 
always been — brilliant, discerning, even a lit 
We bit calculating — although he is a much 
snappier dresser now. Dixit insists that his new 
environment has not changed his perspective 
‘on science: he still refuses to tackle anything 
but the biggest questions he can find, prepared 
to choose new paths whenever necessary. In 
fact, he doesn't even feel as if he has stepped. 
‘out of academia completely 

Genentech, he maintains, 


aprotein called A20, Dixits peeling anonion,Every _is as strongly rooted in basic 
ich noticed wher i ealed ye Seakaterinen daa 
higatn editing. smone aver revealedsomething je aaa nsch 
complex form of ubiquitin interesting. dom now ashe did at Michi 
Signings Response for msfock Dion gen,*Poople ay What 


turning off the pro-inflam. 
natory NF-kB pathway, A20 can both ubi 
iteand deubiquitinate the same proteias, 
emed like “the ultima 


aduality that at fi 
futile cycle’ D 
But ubiquitins can signal different things 
depending on how they areadded to a protein. 
When A20 interacts with an immune mediator 
called RIP, it first removes an activating ubiq 
uitin chain thatisiattached by one amino-acid 
residue (lysing) and then marks it for destruc 
tion by building a ubiquitin chain using 
differentiysine linker. “These seemingly con 
activities actually actin concert to 
attentiate cytokine signalling” he says 
The man who started his career in a tiny 
run-down lab at the University of Michigan 


(€2008 Nature Publishing Group 


like haying gone to indus. 
try?" I say, ‘To be honest, I really don't know, 
because I work at Genentech’” One gets the 
feeling, however, that Dixit would feel at home 
anywhere, as long ashe had the tools to address 
life’ next big mystery, . 
‘Melinda Wenneris a freelance writer in New 
York City. 
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DESIGNER DEBACLE 


Ahigh-profile scientist, a graduate student and two major retractions. Erika Check Hayden 
reports ona case that has rocked the chemistry community. 


\ hen Mary Dwyer was looking 
fora doctoral adviser, Homme 
Hellinga was her first choice 
V A biochemist at Duke Univer 
sity Medical Center in Durham, North Caro: 
lina, Hellinga had ground-breaking ideas and 
‘an exciting research programme. He also shared 
Dwyer's interest in the relationship between 
protein structure and function, But there was a 
problem: students in Hellinga’s lab were warn 
ing Dwyer away. “It’s pretty tough’ they told 
her; “there are other good labs.” One student 
even pulled her aside and told her flat out that 
working with Hellinga was so difficult that she 
should not join the lab. By that time, that stu 
dent remembers, many more students had left 
Hellinga’slab than had earned doctoral degrees 
uundler his tutelage. 
Yet Dwyer had done a shor 


tation with 


Hellinga’s group, and had seen nothing alarm. 
ing, "I elt like I would probably beable to handle 
it 

she decided to join the ab. 


he recalls 


and so, about nine years ago, 


Dwyer’ work under Hellinga led 
als including Nature and 
Science, adding sparkle to Hellinga’s already 


publications in jou 


shining career. But last year, another scientist 
found problems that forced the eventual retrac 
tion of two papers — and Hellinga turned on 
Dwyer, accusing her of fabricating data. The 
episode has sparked controversy and condem 
nation, while highlighting the pressures on gci 
entists working in cut 

Hellinga is a bold scientist with aster 
ling pedigree. From his first Nature paper’ 
onwards, Hellinga has been fascinated by 


ng-edge research. 


one question: how does a series oftamino 
acids encode a protein’s function? Cracking 
that code is one of the major goals of science, 
because it would enable researchers to design 
custom proteins. In 1991, Hellinga, together 
with his postdoctoral mentor Frederic Rich 
ards of Yale University in New Haven, Con 
necticut, publisheda computer program 
ntended to do just that, Called DEZYMER, 
the prog 


am predicts protein sequences that 


might adopt target structures and functions 
some of which are new to nature. 

It was fitting that Hellinga should take on 
sucha problem. Those who know him describe 
Hellinga as highly confident in his intellect and 
Interested only in grand challenges. One sci 
entist recalls, for example, that Hellinga once 
asked wcompanion, “Do you think I'lbe more 
famous than Darwin one day?” Asked whether 
heagrees with claims that he is arrogant, Hell 
inga replies, “I would say no, Can | appear to 

ally arrogant? I would imagine yes. 
When you are trying to do a difficult experi 
ment, you have to havea certain amount of self 
confidence to say, ‘Alright, this is the moment 
and we think we have the techniques and ideas 
together to try and give this a go.” 


Shapely targets 

Around 2002, Hellinga decided to embark 
‘on his most difficult challenge yet: radically 
reshaping a humble protein into a highly active 


enzyme — a biological catalyst — called triose 


HommeHellinga is 
well known for his 
workin designing 
enzyines. 
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phosphate isomerase (TIM). The enzyme is 
part of a biological chain of reactions called 
the glycolysis pathway that is found in most 
organisms. Hellinga’s goal was audacious; 
other scientists had designed weak enzymes’, 
but nothing as active as TIM — considered a 
‘perfect enzyme’ because ofits extremely high 
efficiency (see graphic). 

Hellinga chose Dwyer and another stu- 
dent, Loren Looger, to work on the project in 
Escherichia colibacteria, The pair were to trans: 
form E.colis ribose: binding protein, which has 
‘no enzymatic activity, intoa TIM. Looger and 
Hellinga wrote computer programs to model 
how the structure of the ribose-binding protein 
could be changed to make it work likea TIM. 
Dwyer used the program to design mutated 
ribose-binding proteins, dubbed "NovoT IMs’, 
and tested whether they worked in the lab. 

Dwyer, who describes herself as "pretty con 
servative person’, was sceptical that the project 
would pan out. "I had my doubts all the time?” 
she says, After about 6 months testing 25 designs, 
Dwyer found thata couple of the designed pro: 
teins were active, but she also noticed some 
problems. The £, coli bacteria made much 
smaller amounts of the Novo IM proteins than 
of their own natural, or native, proteins. And the 
NovoT IMs were very unstable. 

Perhaps because of these issues, Dwyer's 
experiments yielded confusing data about 
NovoTIM activity. When she measured the 
‘enzymes kinetic parameters — characteristics 
that describe how enzymes work — the tests 
Int always give the same results, “I felt like 
we couldn't nail down the kinetic parameters 
because of the variability that we were seeing,” 
Dwyer recalls. Even after she started working 
with another member of the lab, “we were also. 
getting alot of variability. We just didn't under- 
stand it” Dwyer says, Hellinga says that 
the variability was “no more than you 
‘would expect in (such an experiment” 

By early 2004, Hellinga was ready 
to publish. On 29 March, he submit- 
ted a paper describing the NovoTIMs 
to Science, which accepted it on 6 May. 
‘The paper did not mention the variability 


best data and claimed victory’. "We have 
successfully converted a protein devoid of 
catalytic activity into a triose phosphate 
isomerase, using computational design 
techniques” it stated. 

Dwyer was the first author on the Sci- 
‘ence paper, which was co-authored by 
Hellinga and Looger, who left Dake 
that year and now works at the Howard 
Hughes Medical Institute’ Janelia Farm in 
Virginia. But Dwyer did not celebrate the 
accomplishment. “Itwaskind of strange” 
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she recalls, “I wanted to work moreon the vari- 
ability issue along with other odd results she 
hhad seen. “I fel like we werent quite there yet” 

Dwyer says that she raised her concerns 
with Hellinga at the time. But Hellinga says he 
does not feel he pushed Dwyer or anyone else 
to publish prematurely. “These things were 
talked through very carefully with all the people 
involved” he says. 

That September, the National 
Institutes of Health gave Hell: 
inga one of its nine inaugural 
Director's Pioneer Awards, 
worth USS2.5 million over five 
years. In October, he received 
the $10,000 Feynman Prize 
for experimental work from the Foresight 
Nanotech Institute in Palo Alto, California. 
Around the same time, he says, he and his wifey 
Duke structural biochemist Lorena Beese, were 
considering multiple job offers, including one 
from Yale. But in April 2005, Duke named Hell- 
inga a James B. Duke Professor of Biochemis: 
try, and Bese received the same honour the 
following year. Duke also ereated a new insti- 
tute co-headed by the couple, the Institute for 
Biological Structure and Design, 


Totheletter 

As Hellinga’s career was skyrocketing, it was 
perhaps easy'for him to overlook a letter that 
crossed his desk im December 2004 amidst the 
flurry of accolades. “Dear Professor Hellinga’ it 


began. "I was Wondering if you would be inter- 
ested in gollaborating: 

‘The letter was written by John Richard, a 
chemical biologist at the State University of 


“Itisa bush-league 
error not to purify 


your proteins well. 


New York in Buffalo, Richard had studied with 
giants ofthe enzymology field: Perry Frey at the 
University of Wisconsin-Madison, Bill Jencks 
at Brandeis University in Waltham, Massachu- 
setts, and Irwin Rose, now at the University of 
California, Irvine, who shared the 2004 Nobel 
Prize in Chemistry for discovering how a pro- 
tein called ubiquitin marks other proteins for 
destruction in cells, 

Richard had developed a 
method to analyse reactions 
catalysed by TIM", Hehad seen 
Hellinga’s Science paper and 
‘wanted to compare the charac 
teristics of the NovoT IMs with 
those of normal TIMs, Richard 
proposed such experiments to Hellinga, but 
received no response. “It wasnt a high prior- 
Hellinga says, 

‘The twomen come from very different scien- 
tificcultures. Richard was trained in mechanistic 
‘enzymology and is known forhis work in physi- 
cal organic chemistry — fields that are no longer 
in vogue, perhaps because “all the easy experi 
ments have been done’, Richard says. Richard 
has gained respect in these fields, which require 
carefulness and meticulousness. John is clearly 
‘one of the best physical organic chemistsin the 
world today working on enzymes’ says Joseph 
Kappock, a biological chemist at Purdue Uni- 
versity in West Lafayette, Indiana. By contrast, 
protein design —a hot field — requires daring, 
asit seeks not just to understand nature, but also 
to improve on it. 

In July 2006, Richard was discussing the Sei- 
‘ence paper with another chemist, Jack Kirsch, 
‘an emeritus professor at the University of Cali- 
fornia, Berkeley, where Hellinga had given a 
seminar on his work. On 9 August, Kirsch sent 
Hellinga an e-mail. "[Richard] informed me 
recently that he had sent you an e-mail request- 
ing materials” Kirsch wrote, "Is there any reason 
‘why you cannot comply with his request?” 

‘That e-mail seemed to grease the wheels. On 
20 October, Hellinga wrote to Richard, agree- 
ing to send DNA templates for the NovoT Ms 
hhe had made for the Science paper. He also sent 
templates for a second batch of NovoTIMs 
made by Dwyerand another researcher the year 
before. A paper describing these new 

proteins was about to be published 

in the Journal of Molecular Biology’. 
Hellinga sent Richard instructions 
for expressing and purifying all the 
‘NovoTIMs,as wellasa note: "I hope 
that your experiments will be suc- 
cessful, and look forward to seeing 
the profiles for these designs.” 

In Buffalo, Richard hired a techni- 
cian, Astrid Koudelka, to work on the 
NovoTIM project. Koudelka followed 
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‘Tina Amyes (left) and Astrid Koudelka were unable to replicate Hellinga’s work. 


Hellingas notes, which instructed her to purify 
the Novo Ms using a method called step gra: 
dient elution. But there wasa problem: the step 
gradient could not separate the NovoT IMs from 
other contaminating proteins. 

Then Richard's wife, chemist Tina Amyes, 
measured a kinetic parameter of the NovoTIMs, 

value called the Michaelis constant. She. 
found that it was different from theone reported 
in Hellinga’s Science paper, but similarto that 
of natural, of wild-type, E.coli TIM. As Atiyes 
studied the Novo IMs throughout the first half 
‘of 2007, nothing about them wasas Hellinga had 
reported, and everything suggested that they 
‘were wild-type TIMs. 

Koudelka then modified Hellinga’s proce 
dures by using a continuous gradient elutios 
a more powerful purification method than the 
step elution. The new method cleanly separated 
the NovoTIMs from the contaminants. But 
‘when Amyesanalysed the pure NovoTIMs, they 
hhad no enzymatic activity. Instead, the contami: 
nating proteins were active — and looked just 
like wild-type £. coli TIMs. 

By last July, the Buffalo group was convinced 
that something had gone wrong with Hellinga’ 
experiments. By using step purification, they 
felt, Hellinga’s lab had failed to separate the 
NovoTIMs from the TIMs found naturally in 


E. colfThe NovoT IMs we instead, 
allthe activity that Hellinga had reported in 
his papers was probably due to contaminating 
wild: typé'TIM. “I was sort of distressed,” says 
Richard. “We spent quite a bit of time, money 
land resources to basically do nothing, to show 
‘something was wrong” Yet the team felt an 
obligation to try to correct the scientific record, 
Just saying, “This is not right, let's discard it 
and move on’ — that’s not fair to the scientific 
community” Koudelka says. 


Quick response 
On 26 July, Richard sent along e-mail to Hell 
inga that laid out his team’s evidence, and 
pointed out what he saw as additional problems 
in some of Hellingt’s other papers. Richard cop 
ied in the editors of the Science and Journal of 
Molecular Biology papers and two other chem: 
ists, “think that these issues need to be dealt 
with in an expedient manner” Richard wrote, 
adding, “Please understand how difficult it has 
been for me to write tis letter” 

This time, Hellinga responded quickly. In 
430 July e-mail, Hellinga wrote that the k 
experiments “have been repeated several times 
by different individuals in my research group: 
The experiments included the tests that detected 
NovoTIM activity, and set of negative control 
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experiments. These negative controls — not 
shown in either paper — found no activity in 
purified ribose-binding proteins, Hellinga said, 
But he agreed to look again at the NovoTIMs: 
‘We will carry out a purification similar to the 
‘one that you describe,’ he wrote. 

Allthis time, Dwyer had heard nothing about 
Richards communication with Hellinga, After 
earning her doctorate in 2004, she had left 
Hellinga’s lab in 2005 to pursue postdoctoral 
research in a different department, So she 
was not seriously concerned when Hellinga 
mailed her on the Labor Day holiday on 
3 September last year, asking her to meet with 
him later in the week to discuss issues about 
NoyoTIM, But Dwyer's new adviser, Donald 
MeDonnell, a professor of pharmacology and 
cancer biology, advised her not to meet Hell: 
inga alone;he felt she should go with someone 
who could advocate on her behalf, McDonnell 
a meeting later that week at which 
he, Dwyer and Hellinga were joined by two 
other faculty members from the biochemistry 
department. And that’s when Hellinga dropped 
the bombshell. “He said, ‘I find it really hard 
tobelieve that you didn't make this up, and he 
kept saying that kind of statement over and over 
again,’ Dwyer says. “It was horrible 

Dwyer'sadviser defended her, and she pro 
clai I said, “That's ridicu 
lous, ,1 didn’t do that” she says, “What he was 
saying wasnt true 

A few weeks later, McDonnell, Hellinga, 
Dwyer and the head of the biochemistry depart: 
ment metagain. Dwyer's husband, who isalso a 
scientist, was there. Dwyer showed Hellinga the 
data from her lab notebooks that, she thought, 
exonerated her. But, she recalls, “he didn't want 
tolookat any of that. It wasjust flat out my fault, 
and that was it” Hellinga remembers it differ: 
ently. "That's not true,” he says. "Of course I 
looked atthe data. I also had people in my lab 
repeat the experiments” he says. 

‘On 8 October, Hellinga wrote to Richard. 

‘We have completed our repeat experiments on 
NovoTIM; he wrote. ‘I concur with your find: 
ing that the NovoTIM designs do not exhibit 
enzymatic activity, and that the reported activ 
ity is due to a contaminating activity which is 
very likely to be the endogenous, wild-type ti 
‘ose phosphate isomerase” The repeat negative 
control experiments, Hellinga wrote, had found 
“TIM activity in the wild-type [ribose-binding 
protein] preparations prepared by the step gra: 
dient elution method” 

He added that the repeat experiments were 
done by three people, “but NOT Mary Dwyer, 
the author responsible for executing the 
experiments described in the Science paper, 
and responsible in large part for the negative 
control experiment in the Journal of Molecular 


d her innocence. 
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HOW TIM WORKS. 


‘The enzyme called rose phosphate isomerase (TIM) catalyses one important step in sugar metabolism, and 
{s found in mast living organisms. The enzyme (active sites shown in red) allows cll to eficiently convert 
‘wo sugats, called DHAP and GAP. nto one another though the intermediate molecule enediol Computer 
programs could enable researchers to design such efficient enzymes from scratch. 
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Biology paper” By naming Dwyer as the scien: 
tist primarily responsible for the experiments, 
Hellinga seemed to contradict his 30 July e-mail 
to Richard, in which he said “different individu 
als" had been involved. However, Hellinga clari- 
fled to Nature that his July e-mail was “slightly 
inaccurate”; at that time, Dwyer was the only 
person who had performed the negative con: 
trols, he says. 

‘To Richard, Hellinga continued: "Dwyer has 
been contacted in an attempt to seek an expla 
nation ... The matter has been referred to the 
Office of the Dean of the Medical School for 
further enquiries, which are now in progress” 

A committee on research misconduct con 
vened a formal inquiry hearing in December, 
at which Dwyer was asked to address the claims 
against her, On 4 February, she received a let: 
ter from Wesley Byerly, an associate dean in the 
‘medical school, clearing her of the allegation of 
falsifying and fabricating results 


Culture of blame 

But word about the inquiry had already spread, 
‘outraging chemists who felt it was wrong for a 
mentor to accuse a student of fraud. "It is repre: 
hensible?’ says Frey. “It is up to the adviser to! 
instruct the student, to guide the student to find 
‘out what problems exist with the data and their 
interpretation of it, and to show the student 
what the pitfalls are” 

‘This February, both the Science and Jour 
nal of Molecular Biology papers were formally 
retracted. “The triose phosphate isomerase 
activity observed in our reported preparations 
can be attributed toa wild-type TIM impurity” 
stated the Science retraction; the other retraction 
‘was similar. Other chemists were surprised that 
Hellingas lab had been fooled by a simple con- 
tamination problem. “Itisa bush-league error 
not to purify your proteins well, especially in a 
paper like this” says Wallace Cleland of the Uni- 
versity of Wisconsin-Madison. 

Still, exactly what happened remains murky. 
‘On 10 March, Science published letters from 


28 


He 


& 


Richard and Kirsch listing issues they said. 
were not resolved by the retractions, For 
instance, they wrote, the kinetic values Hell- 
inga reported for NovoT IM are not the same 
as those of wild-type TIM, which is difficult to 
understand, given that all the activityin Hell: 
nga’ papers was supposed tohave come from 
the wild-type enzyme, 

Kirsch also raised ques= 
tions about other experi 
ments in the Science paper 
that “would make senseonly 
ifthe design were success: 
ful’ For instance, the paper 
reported thatNovoTIMs 
could substitute for wild. 
type TIM tn F coli that lack 
TiMenzymes. And a differ: 
ent test supposedly showed 
that mutated NovoTIMs 
becameless active, just as 
DEZYMER had predicted. 
Neither of these results 
makes sense ifthe designed 
enzymes never worked. 

Hellinga does not have 
explanations for the issues 
Kirsch and Richard have raised. Dwyer thinks 
that the issues with protein expression and 
assay variability are partly to blame, and says 
that in retrospect, the apparent decreased activ- 
ity of NovoTIM mutants was actually insig. 
nificant, once experimental error is taken into 
account. But no one has offered a clear answer 
for what went wrong. That is frustrating to 
Richard, who has spent considerable time and 
resources trying to get to the truth. 

But thanks to Richard's work, another 
research team has been able to earn credit for 
the breakthrough Hellinga once claimed. In 
March, a team led by biochemist David Baker 
from the University of Washington in Seattle 
published two papers showing that compu- 
ter programs could indeed be used to design 
working enzymes”. 
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John Richard flagged issues with 
potential contamination. 


Meanwhile, other scientists have questioned 
whether Hellinga himself should be investi- 
gated, Some point to a Duke policy that states 
that ifanallegation of misconduct is found tobe 
“baseless and malicious or reckless, the matter 
will be dealt with in accordance with existing 
university policiesand mechanisms’, 

Hellinga says he has received no formal noti 
fication that he is under investigation, Duke 
would not comment specifically, saying only: 
"We are aware the retraction by Dr Hellinga 
has generated considerable debate in the sci 
entific community. Duke continues to follow 
thisdebate and is evaluating various points that 
are being raised” 

‘Asked whether he would have done any- 
thing differently in the NovoTIM experiments, 
Hellinga says, “I would like to not have the 
problem that we encountered.” When asked 
whether the lab moved too quickly, he says: 
“Given how we understood things to be at the 
time, no, Obviously if we had known things 
had gone wrong, we wouldn't have moved for- 
ward with the speed we did” 

AsforDwyer she still feels 
rattled by the experience. 
“Lfeel incredibly guilty that 
didn't catch it, but I didn't, 
and I just have to live with 
that. Its been really hard’ she 
says. She is trying to move 
forwards with her life and 
career she says, and is work 
ing ina new lab in anew field 
— endocrinology — with 
‘McDonnell. But sometimes, 
Dwyer says, she thinks back 
to the people who tried to 
steer her away from Hellin- 
ga’ lab so many years ago. 
‘And she wondershow differ- 
cent things might have been if 
she had heeded their advis 
“Everybody gets warned, but nobody listen: 
she says. “Maybe now they will” . 
Erika Check Hayden isa senior reporter in 
‘Nature's San Francisco office. 
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Deforestation: call sshts-Brazilhas milionsof builtin the Amazonheadwaters Carbon nanotubes are capable 
= peasant (‘artisanal’) miners, but and will interfere with the of penetrating cell membranes 
for justice, not licences only veryrarely goto migratory route of economically _tofaciltatecytoplasmic delivery, 
militarization poorer communities. and ecologically important fish. but their application inmedicine 
‘Some 337 large-scale The previous construction of isstill in its infancy. Much 
‘SIR — Asa recent policy adviser commercial mining permits such barrages was a huge more basic research isneeded 
to the United Nations ina violate Brazilian law, falling mistake, as sediment before deterministic assertions 
programme intended to address within 28 federalconservation _transportationtothe lowlands. —suchasthose containedin the 
environmental threats in the areas; another 5,283 pending (where soil is poor) was blocked company announcement — can. 
Amazon, | would caution readers applications also impinge on and the excess of dead trees in bemade about the way carbon 
of your Special Report 'Brazilgoes —_ federal conservation areas. the reservoir caused high water nanotubes act biologically and 
‘to war against logging’ (Nature Environmental violations are eutrophication. pharmacologically. Furthermore, 
452, 134-135; 2008). Although pervasive in both legal and illegal Dams have also been ino preciinical therapeutic efficacy 
thisanalysisof Brazil's “miltary- scenarios —andthe concept ot _implicatedin methane and data exist yet for any disease using 
‘style crackdown on deforestation” _ legality itself is blurred. carbon dioxide emissions)in_ acarbon nanotube construct. 
is valuable, it perpetuates some Itis time to politicize the part because of organic-matter The announcement was 
perilous assumptions. Amazon, not militarize it. decomposition in thereservoirs. unclear about the exact nature: 
You aptly note that mining on Conservation advocacies: These emissions from aftificial of the studies carried out and 
the fringes is among the problems, should focus on socio-economic lakes should be considered along: the promised capabilities of 
but | would question some of the empowerment of vulnerable with Amazonlogging and burning —_ both the carbon nanotubes and 
solutions you suggest, Urging populations, Military enforcement —_ in calculations of Brazil's total ‘stem cells. For example, what 
international donors to help should bea rare last resort. greenhouse-gas emissions. was actually delivered by the 
national governments such as Itistime to listen to the poorest The Brazilian government carbon nanotubes? Proteins, 
Brazil to fund ‘traditional’ policies ‘illegal people andletthemshape needs to look at some proposed DNA, smail interfering RNA, or 
for enforcement neglects the policy. Creating new mega- solutions, such as renewing all three? Dramatically different 
reality that local governance reserves, even if appropriate, non-productive 30-year-old delivery-system specifications: 
agents, not national enforcers, can _ is rarely an effective solution. dams (already built next to are necessary for successful 
be more appropriate custodians; Combating deforestation requires "\energy-consuming regions, intracellular delivery and 
foreign donors frequently make helping workers to find livelihgods but they would keep methane guaranteed biological activity for 
this mistake. Also, there needs to while participating equitably in, emissions at today’s levels) or each of these, making the notion 
be greater global awareness of the intricate politics of natire, ‘Imposing a solar-energy policy that ‘carbon nanotubes deliver all’ 
the unwanted consequences of ‘Samuel J. Spiegel Geography that could reduce greenhouse- too simplistic. 
the so-called traditional policies Department, University of ‘gas emissions if dams were The field of medical 
of eco-militarization, which have Cambridge, Downing Place, decommissioned. Unfortunately, —_ applications of carbon nanotubes 
wrought pervasive problems Cambridge CB2 3€N, UK it does not look as though this and nanotechnology in general is 
not only in the Amazon but will happen. particularly prone to hype. Claims. 
worldwide. ———______—______ André Frainer Barbosa Post-Graduation that nanomaterials can contribute, 
Police interference in Deforestation: Program on Ecology, Universidade to new treatments of devastating 
indigenous people's lives can Federal do Rio Grande do Sul, CEP: diseases have led to confusion 
havedevastatingeffects often Gamage fromdams ——91501370,PortoAlepre Bast and misrepresentation, risking 
leading tomoreenvironmental ~~ adds to emissions discreditation of this exciting area 
harm rather than less. My own —— of research. We urge caution and 
experience with peasants who ——_SIR—Inyour Special Report Hype around patience, and call for sustained 
mine illegally in conservation ‘Brazil goes to war against investment in basic research 
areas suggeststhatresentment logging’ (Nature 452, 134-135; nanotubes creates and systematic investigation by 
ofthe government drivesillegality 2008), you argue that the unrealistic hopes multidisciplinary teams, to keep 
and marginalization. For example, Brazilian government is willing expectations realistic. 
indigenous groups in the Amazon to stop lagging operations onthe  SIR—InyourNewsstory’Stem- _Kostas Kostarelos Nanomedicine 
captured more than 600 hostages Amazon andto pushdown Brazil's cell claim gets cold reception’ Laboratory, Centre for Drug Delivery 
inthe past two years, protesting _greenhouse-gas emissions. (Nature 452, 132;2008), you Research, The School of Pharmacy, 
‘against injustices with regardsto But the Brazilian government report onan announcement ‘University of London, 29-39 Brunswick 
mining rights, Onetribe tooka UN still plans to build several thatnanotubeshave been used ‘Square, London WCIN TAX, UK 
worker and four others hostage hydroelectric power plants on to reprogramme adult human “Alberto Bianco CNRS, Institut de 
afew months ago, angry thatthe the Amazon (seehttp/tinyurl. cells. As yousay, the result was___ Biologie Moléculaire et Cellulaire, 
government and international ‘com/Shbést), which could met with scepticism because it Laboratoire d'immunologie et 
‘agencies ignoredtheirresource increase bothdeforestation and was proclaimed tan investors’ Chimie Thérapeutiques, 15 rue René 
claims; the government sent in greenhouse-gas emissions. meeting rather than in a peer- Descartes, 67000 Strasbourg, France 
police troops instead. That tribe Dams flood thousands of reviewed publication. There ‘Maurizio Prato Dipartimento di 
was seeking the rights to mine its _hectaresf forest and threaten _—_are also questions about the ‘Scienze Farmaceutiche, Universit’ 
land — but only a multinational many aspects of the Amazon nanotechnological aspects of i Trieste, Piazzale Europa 34127 
corporation was granted those basin Somearealreadybeing —_thework. Teste aly 
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“Those years were the darkest 
of my professional career.” 


‘Tony Faucion HIV — seepage 289 


The public needs to Although vaccination remains 
know social benefits °°!"2. "2 programmes based 


onindividual preference. Pul 


of vaccination education about vaccination is 
important, particularly to heighten 

‘SIR— You may have been understanding of the basis for 

inadvertently off message all aspects of public policy to 


‘about vaccination policy in your maximize protection of human 
Editorial On message, off target’ health. 

(Noture 452, 128;2008)—for Anthony Robbins Journal of Public 
what you didnot say.Centuries Health Plicy,213 West Canton Street, 


of experience have proved the! Boston, Massachusetts 02116, USA 
importance of societies (not 

doctors, parents of vaccine ————— oo 
recipients) in making decisions: i 
Srtttharneeletece Public support never 


draftedtheUSnationl has guaranteed 


Havi 
vaccine programmelegisistion good work 
that was passed in 1986, and 
directed thenational vaccine ‘IR — Sadly, the implication in 
programme in993-94, !can your Editorial ‘Broken promises’ 
say that recent UK experience (Nature 452, 503; 2008), that good 
Acase of genetic admitsin the accompanying News impressively illustrates the science depends on good ideas and 
counselling for & Views (Nature 452, 819-820; _strategledistinction. ‘not good intentions, is unlikely to 
1S 2008): Watson took his After an Unexpected rise of make much difference to politicians 
Dr Watson sequence toageneticcounsellor, _pertlssis (whooping cough) cases anxious for public favour orto 
there would belitletodiscuss.” inthe 1990s, Britain revamped —_scientistsanxious for money. 
‘SIR-— Your recent publication ‘Asagenetic counsellor,|wondér. its system to reward general As youdeclared more than 
cf James Watson's sequenced —_howasession with Watsonwould practitioners for fully immunizing 15 years ago (Nature 360, 13; 
‘genome (D, A. Wheeler at ol stack upagainst onewithangn- __allchildrenontheirlists,payinga 1992), "the increasingly crass 
‘Noture 452, 872-876; 2008) scientific member of the general bonus tothose who reached 90% politicization of biomedical 
‘makes fr fascinating reading Population? The tableofferssome then, afew years ater, 95%. This research looms as something, 
—thatis, for anyone who has insight. system didnatexclude fromthe of amenace, forit presupposes 
‘enough knowledge of genetics ‘Where's the challenge, denominator thesmall number first that more money for more 
andbiology tointerpretit:Peel providing geneticeounsellingto _of patients with good medical scientists is a way to medical 
away the single nucleotide ‘Dew? reasons against receiving vaccine, salvation, and second that 
polymorphisms (SNPs), the copy- Myral.RotheMedicalSchool Wing, Why the societal strategy? well-meaning groups of citizen 
‘number variations and the indels, CB #7487,Universityof North No vaccines fully effective in activists and professional lobbyists 
and the core message seems, Carolina; ChapelHil, North Carolina everyone who receivesit.Only have ascientifcally useful role in 
wwell,empty, As Maynard Olson 27599-7487, USA “herd immunity’ can protect deciding where research money 


those inwhomavaccinedoesnot should be directed. There's, alas, 


stimulate protective immunity. _ inadequate evidence to support 
Population health therefore either proposition.” Technology 


Discovered the structure of the gene Not exactly sure what a gene improves where policies support _can be bought, but science 
full coverage of the population. depends first on ideas and luck, to 
which health authorities educate Inthat News & Views article, 

sSiouancereaiy rz marsha ‘Standard test result readyin2months doctors, parents and patients you give four examples where 

eneanneniaN) oo o 
individual contraindications. science. One of them — five. 

Can give fully informed consent Can signa consent form Good immunization policies years before the Clinton promise 

“Releasedbissequencetothe publ Doestwantrcthertoknow balance the risks of vaccines mentioned in the Editorial (it 
against the benefits. All vaccines, _is fascinating just how many 

‘Chase ta have Apo-E sequence Expects to learn blood type usually given tohealthy people, _ breakthroughs are promised 

ance pose some small risk. Good “within a decade") — was of 


medical reasons do occasionally the US National Institutes of 
‘exist forsome people to-avoid Health and Food and Drug 


‘Shares 168 milionSNPswithCraig Googles SNPstofind out whothey re Soe vaccines. Britain understood Administration tryingto stop 
Venter 


this, and designeditspolicyto _lobbyist-driven testing of an 
Se eiiccicuctons, Nem .condent 
vaccinate in such situations. ‘Neville W.Goodman Bristol, UK 
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Big problems, big decisions 


Sustainable solutions to worldwide crises such as overpopulation and climate change need regulating by 
global bodies, but whose views should these organizations represent? 


Supranational organizations are necessary to 
‘monitor the welfare of our planet. They alert us 
to impending crises, develop policies to avert 
dangers and induce governments to respond. 
But itis easy to lose sight of who these organi: 
zations represent. 

Two books — Fatal Misconception by histo 
rian Matthew Connelly and Common Wealth 
by economist Jeffrey Sachs — highlight the 
importance of knowing who speaks for whom, 
Connelly describes how the international fam: 
ily-planning movement responded to cone 
‘ofan imminent population explosion. Sachs 
assesses our stewardship of this crowded 
planet and suggests how we should conduct 
its affairs 

In Fatal Misconception, Connelly begins 
his story in the early 1950s, when public 
health advances reduced mortality among 
the impoverished populations of newly inde 
pendent nations. Demographers, birth-control 
activists and eugenicists began to worry that 
population growth might outstrip the global 
food supply. Militating against limits to popu: 
lation growth were the Vatican and a US law 
(the Comstock Act of 1873) that prohibited 
birth control by married couples and the sale 
of contraceptive devices. In 1952, the Vatican 
secured a veto pre 


venting any involve- [Fatal Migeoneeption: 
ment of the fledgling Control World 
World Health Organ. by Matthew, 
ization in population | Hatvatd University PF 
matters, Nonetheless, $35.00, 
a worldwide move- Common’ 

Planet 


ment emerged that 
was initially dedi 
cated narrowly to 
population control, 
but which eventually 
came to see questions of fertility as part of the 
developmental progress of nations. 

Two international conferences, held four 
decades apart, encapsulate this change. The first 
was convened by US philanthropist John D. 
Rockefeller III in 1952 at the still-segregated 
Williamsburg Inn in Virginia. The delegates 
(mostly white men) created two organizations 
dedicated to the revolutionary idea of securing 
‘global reduction in population growth: the Pop. 
ulation Council and the International Planned 
Parenthood Federation (IPPF). To be credible, 
the organizations sought international involve 
ment. A window of opportunity materialized 
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Family matters: aclinic doctor advises women on family planning and contraception in India. 


in 1952 whemIndian/president Jawaharlal 
Nehru announced the world’s first national 
population policy for India 

The secondimeeting, on population and 
development, was sponsored by the United 

Nations and held in 
to Cairo in 1994. The 
delegates endorsed 
a radical new policy 
asserting the right of 
women tocontrol their 
own fertility, together 
with improvements in 
‘maternal health and 
female literacy, as the 
best route to stabilizing 
the population. Oppo: 
sition was slight, and came from an alliance of 
conservative Muslim and Catholic states. 

The mass birth-control campaigns of the 
1950s were improvised affairs that used inad. 
equately tested devices and procedures. Con 
nelly leads us adroitly through extraordinary 
and complex incidents, particularly the inter: 
ventions in India. The first Indian family-plan- 
‘ning campaign at Khanna, Punjab, wasinitiated 
bya team from Harvard University, Cam 
bridge, Massachusetts, and failed disastrously; 
subjects agreed to participate but would not 
use the contraceptives. Threatened by fam 
ine, India was blackmailed by US president 
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Lyndon B. Johnson's administration into 
accelerating its population programme by the 
promise of food aid. In an atmosphere bor: 
dering on panic, two coercive family-plan 
ning campaigns in India spawned a legacy 
of bitterness towards experts and politicians. 
Meanwhile, fears of communism fuelled 
clandestine support from the US government 
for the IPPF's worldwide birth-control cam 
paigns, conveniently out of sight of Congress. 
India later expelled the family-planning con: 
sultants in exasperation over US partiality for 
Pakistan. Nevertheless, the US Agency for 
International Development (USAID), working 
indirectly through a United Nations agency, 
inundated the developing world with contra: 
ceptive devices. In the 1980s, Ronald Reagan's 
administration withdrew US support for UN 
population polic 

By 1990, the average family size had fallen 
from six or more children to around three 
almost everywhere apart from sub-Saharan 
Africa, Connelly believes that intense birth: 
control campaigns contributed little to this 
decline (except in China). Fertility was already 
falling before the campaigns started, owing to 
social changes, but was probably assisted by the 
broad availability of contraceptives, including 
those distributed through USAID. 

Connelly suggests that the “fatal miscon. 
ception” of the population movement was its 
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conviction that it knew the best interests of 
poor agrarian people. They needed large fami 

lies in case some of their children died prema. 

turely to ensure provision of carein old ageand 
alabour farce. 

Continuing the theme of global steward: 
ship, Sachs’ book Common Wealth isa mani 
festo for securing a bright future for Earth, A 
key plank in Sachs’ platform is the stabiliza 
tion of world population to minimize the ten 
sion between industrialized and developing 
nations. The profligacy of industrialized lite 
is the most severe threat to the environment, 
and can only get worse as China and India 
add to the burden. Some of the most fragile 
hhabitats on Earth are being degraded rapidly 
by population pressure. 

Just as everyone in democratic societies 
hasa stake in their communal arrangements, 
Sachs argues thata global society must evolve 
to meet the ecological, demographic and eco: 
nomic challenges we face together. Reach 
a shared prosperity requires the sustainable 
use of energy, land and resources, stabiliza 
tion of population at around eight billion by 
2050 and the elimination of extreme poverty 
by 2025. Arguing that solutions are possible, 
Sachs points to our success in negotiating other 
potential subsistence crises through scientific 
discovery. New technologies and reduced 
exploitation of natural resources may suffi 
to avert future catastrophes 

Sachs presents sobering statistics: we 
use 45% of Earth’s photosynthetic poten: 
tial; 60% of the run-off water and, of all the 


atmospheric nitrogen fixed, 55% is obtained 
through the Haber-Bosch chemical process 
Fertilizers from this process underpinned 
production of 80% of cereals consumed 

the twentieth century; without it, the world’s 
population would be only one-quarter of 
what it is at present. During the past 50 
years, carbon dioxide levels have increased 
by 25% and may double by 2050. If so, the 
global temperature is predicted to rise by 3°C, 


drastically increasing sea 
levels and reducing the /WAglobal 
evolve: 


availability of fresh water. At 


certain critical temperature 
thresholds, events will occur 
that push temperatures even 
higher, such as the release of 
methane sequestered in the 
frozen tundra or in semi 
thane hydrates deep in thé oceans, 

ople living in ecologically fragile regions 
(particularly in sub-Saharap Affica), areas 
already hampered by deforestation, overgraz 
ing and overuse of undergroundag. ay 
find subsistence farming impossible if fresh 
water becomes scarce. The 10% of people who 
live within 10 metres of sea level will become 
vulnerable to increasingly common storms and 
floods. Subtropical regions that were free of 
mosquitoes may suddenly become malarious. 
Sachs feafSthat such calamities will provoke 
migration and conflict. In societies with exces: 
sive birth rates. a ‘Youth bulge’ may outnumber 
adult authority figures, creating social insta: 
bilityeHigh birthrates also hinder economic 


and 
wales) 


1n1960s India, elephants were trained to distribute leaflets about birth control to villagers. 
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development, trapping families in poverty by 
absorbing any rise in productivity. 

What can be done? Ever the optimist, Sachs 
believes we can pall back from the brink ifwe 
cooperate to reduce CO, emissions, He hopes 
for technology to sequester such emissions, 
but reiterates the widely discussed need for 
an end to deforestation, a switch to non-fos: 


sil fuels, more efficient power consumption, 
the use of electric hybrid vehicles and more 
energy-efficient buildings. 
Sitting uneasily in this 
exploration ofthe ecological 
impact of the industrialized 
world is a discussion of what 
should be done to help the 
e-sixth ofthe world’s pop. 
ulation trapped in extreme 
poverty, Sachs argues that 
they can escape the poverty trap only ifagri 
cultural yields and education improve, and if 
modern infrastructure, sanitation and health 
care are available, Sachs sees the UN Millen 
nium Development Goals asa vital framework 
for reducing poverty. Ruefully, he reminds us 
that even this altruisticscheme has its enemies; 
for example, the US ambassador to the United 
Nations tried to expunge the concept from the 
agenda of the 2005 UN summit 

With great faith in international organiza 
tions, Sachs points to the control of chloro. 
fluorocarbons, leaded petrol and acid rain 
as remarkable tributes to their value, For its 
breadth, the book is mysteriously silent on 
the role of the International Monetary Fund 
(IMF) and the World Bank, institutions cre: 
ated to lift nations out of poverty, and which 
should hold the key to solving problems of 
development, The economics Nobel laureate 
Joseph Stiglitz, writing in his 2003 book Glo: 
balization and its Discontents (W. W. Norton), 
damned the IMF as having demonstrably 
damaged the poor of the developing world 
since the era of Reaganomics. Omission 
of this topic seems to reduce the value of 
Common Wealth. 

Fatal Misconception describes a historic 
clash of opposed interest groups wrestling 
to impose their own population policies on 
the developing world. Common Wealth is an 
audacious first draft ofa plan for sustainable 
development of the planet, in which popula- 
tion is one issue. If global institutions imple- 
ment Sachs’ plans, there will be winners and 
losers; we should be sure to ask who these 
organizations represent. . 
Michael Sargentis a developmental biologist 
at the National institute for Medical Research, 
Mill Hill, London NW7 TAA, UK. Hei authar of 
Biomedicine and the Human Condition: Challenges, 
Risks and Rewards. 
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Enshrining the right to live or die 


Developments in the life sciences inevitably 
raise complex legal questions, such as when 
a human life begins and ends, and how much 
weight should be given to individual prefer: 
ences about how and when we reproduce, or 
die, The law cannot avoid getting involved in 
these finely balanced bioethical issues, but 
courts and legislators are sometimes spectacu- 
larly ill-equipped to deal with them. 

‘Take the sad case of Terri Schiavo, described 
in Barry Schaller’ riveting book Understand: 
ing Bioethics and the Law, which describes a 
series of confrontations between US law and 
some difficult bioethical dilemmas. Eight years 
after Terri lost consciousness and fell into a 
permanent vegetative state (PVS), her husband 
Michael sought court authorization for the 
removal of Terri’ feeding tube. By this time, 
Michael's relationship with Terri’s parents, 
Robert and Mary Schindler, had broken down, 
and the Schindler family objected to the 
removal of the tube, Michael and the Schin: 
dlers then engaged in virtually continuous 
litigation for the next five years during which 
the tube was removed, only to be reinstated 
two days later. The family 
were joined in this unedi- 
fying legal spectacle by 
various religious interest 
‘groups, advocacy organi: 
zations representing peo. 
ple with disabilities, and 
by the Florida House of 
Representatives, With 
the support of governor 
Jeb Bush, the Florida 
legislature passed Terris 
Law, a statute prevent 
ing the withdrawal of 
nutrition and hydration from a patient “who 
met the unique description of Terri Schiavo" 
After further legal challenge, Terr’s Law was 
eventually ruled unconstitutional by Florida's 
Supreme Court. 

‘The action then shifted to the federal level, 
and a bill to nullify the Florida court’s decision 
‘was introduced in the House of Representa. 
tives and in the Senate. President George W. 
Bush returned early from his holiday to sign 
the Senate bill at 1 a.m.on 21 March 2005. All. 
this legislative activity did not derail the court 
process. The US Supreme Court refused to 
hear an appeal to overturn the lower court's 
decision that Terri’s tube could be removed. 
‘Terri eventually died on 31 March 2005. 

Fortunately, the Terri Schiavo case is excep. 
tional: most end-of-life decisions are resolved 
privately, through discussions between family 


members and clinicians. Although there are 
many differences between Schaller's book 
and Easeful Death — Mary Warnock and 
Elisabeth Macdonald's elegant and thought. 
ful discussion of the case for assisted dying 
— the authors agree that private, consensual 
resolution of complex individual cases is 
almost always preferable to exposing them 
to the harsh glare of litigation and legislation, 
Warnock and Macdonald, for example, seem 
to regret the ending ofthe ‘humane practice! 
through which people could ask their “retired 
‘medical friends” for help in storing up “a cole 
lection of drugs for future use if they found, 
life intolerable’. 

The Terri Schiavo case, together withtthat of, 
Dianne Pretty — a British woman with motor 
neurone disease who wanted to be helped to 
die — suggest that litigation may notresolve 
conflict. But at least court proceedings do 
focus on the individual. Schallercontrasts 
the US courts, which stuck to the question of 
whether Terri would have wanted to be kept 
alive in a PVS, with the “executive and legisla 
tive branches” who disgraced themselves by 
pushing the boundaries 
of law and decency in 
their self-aggrandizing 
efforts”. Although this 
harsh criticism seems 
fitting given the politi 
cal exploitation of this 
“private ethical dilemma 
about a young woman's 
sad decline’, it points 
to a wider problem in 
trying to use legislation 
to resolve complex bio 
ethical issues. 

Although the adversarial process has its 
disadvantages, the courts can atleast attempt 
to deliver individualized justice, but legisla 
tion must apply to all. Translating compas- 
sionate responses to the suffering of someone 
such as Dianne into law is difficult precisely 
because legislation cannot just apply to one 
individual's situation: it must apply to every 
one. Warnock and Macdonald quote Robin 
Gill, a member of the British Medical Asso- 

iation’s medical ethics committee, who made 
a submission for Dianne on compassionate 
grounds. Her case, in Gills view, “represented 
avery, very strong case indeed for voluntary 
euthanasia” Ifit was just about her, and no- 
one else, he would be in favour of giving her 
access to assisted dying. But legislation can: 
not be personalized in this way, and Gill con- 
cluded “that more people will be made more 
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Terri Schiavo's case challenged bioethics aw. 


vulnerable if we change the law in favour of 
legalizing assisted dying” 

‘Once an issue is before the legislature, the 
suffering of the individual, and the possibil- 
ity of a compassionate and individualized 
response to that suffering, is lst, Someone 
such as Dianne has to die in a distressing man: 
ner, not because we think that she is vulner- 
able and incapable of making a considered, 
informed and voluntary decision to end her 
life, but because we think that other people 
might be vulnerable. Is this fair? Many would 
say no, and if we support Dianne’s right to 
assisted dying, then we should not expect her 
to suffer for the greater good of society. Ws 
nock and Macdonald accept that it would be 
hard to draft a law that would always succeed 
in protecting the vulnerable, but they conclude 
that, for compassionate reasons, we should at 
least try. 

The legislative process offers an opportu- 
nity for special-interest groups to intervene, 
In the Terri Schiavo case, the concern of many 
advocacy groups was not the dignity and prior 
‘wishes of Terri herself, but the effect that her 
case might have on other people. If Terri 
were allowed to die, they asked, how would 
this affect other Americans with disabilities? 
‘These powerful advocacy groups formed an 
alliance with the even more powerful conserv- 
ative religious lobby, leading to what Schaller 
describes asa “media mega-event’. 

The cases of Terri Schiavo and Dianne 
Pretty raise different issues. Terri never con- 
‘templated ending up ina PVS, and her views 


aeurees 


NATURE|Vol 453/15 May 2008 


OPINION 


on the withdrawal of life-prolonging treat 
ment were unknown, whereas Dianne was 
intelligent and competent, and had clearly 
articulated views on how she wanted her life 
to end. Itis odd, perhaps, given that Terri 
would know nothing of the court's decision, 
that the outcome hinged on what her hus 
band and parents claimed her wishes would 
have been, as.a result of the so-called substi 
tuted judgement test, By contrast, the views of 
Dianne, who went on to suffer greatly before 


she died, were largely irrelevant and trumped 
by the possibility of harm to others. 

Thelaw moves in ways that are mysterious to 
many. Both these fascinating books, although 
dealing with different jurisdictions and issues, 
contribute to our understanding of the most 
important ethical challenges that lawyers will 
face in the coming decades. . 
Emily Jackson is professor of law at the London 
School of Economics and Political Science, 
Houghton Street, London WC2A 2AE, UK. 


Charting the water's edge 


Coast Lines: How Mapmakers Frame the 

World and Chart Environmental Change 

by Mark Monmonier 

University of Chicago Press: 2008, 224 pp, 
525, 


Coastal margins are drawn as precise lines on 
maps, yet anyone who has walked on a beach 
knows that coastlines are unstable. Cliffs, 
rocks and sands change under the influe 
storms, tectonic movements, global 
climate change and other natural and artfi 
phenomena. 

Mark Monmonier, professor of geography at 
the Maxwell School of Syracuse University in 
New York, seeks to inform the publicabout how 
cartography and society intersect. He wishes 
us to look closely at maps, to recognize which 
features are shown or missing, and understand 
why. In Coast Lines, he offers an assortment of 
eclectic and fascinating information about how 
coastlines have been defined, determined and 
depicted, focusing on the United States in the 
twentieth century 

Different maps and charts ofthe same coastal 
area show different cartographic coastlines. 
Monmonier calls our attention to four types, 
explaining that each is a human construct 
designed to serve a specific purpose, and the 
result of many observations and assumptions 
(the later sometimes gaining the upper hand). 
One cartographic coastline is the high-water 
line visible from offshore. Another, introduced 
in the nineteenth century to aid safe navigation, 
isthe low-waterline. Two are more recent: storm 
surge lines are designed mainly for evacuation 
planning and flood insurance, and inundation 
lines describe the plausible effects of changing 
geological and meteorological conditions. 

Monmonier discusses the international 
boundaries of territorial waters. These comprise 
the region beyond a nation’s coastline. however 
defined, in which that nation has sovereignty, 
where it can “enforce laws, levy taxes, and 


exclude foreign vessels not pursuing expeditious 
innocent passage’ along the coast or intola 
port’: Under pressure from military and eco 
‘nomic quarters, territorial waters have, in recemt 
decades, been extended from the traditional 
5.5 kilometres to 22 kilometres from shore. 
Coast Lines introduces the exclusiv 
‘nomic zone (EEZ) in which maritime nations 
can “manage fisheries, mine the sea bed, and 
extract oil and natural gas” but cannot exclude 
foreign vessels. The BEZ extends 370 kilometres 
from shore, except where it encounters the EEZ 
of another nation, in which case the boundary 
is drawn eqiuidistantbetween the two coastlines. 
Islands can affect where the line is drawn. For 
instance, because of the position of Key West 
and the Dry'Tortuga islands off the southwest 
cern coast of Florida, the compromise boundary 
between the United States and Cuba is much 
farther south than would be expected. 
Ta show that “good cartography 


s seldom 
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cheap and rarely happensovernight; Monmonier 
tells the story of the ambitious International 
Map of the World project, Following a German 
_geographer’s proposal a an international con: 
ference in 1891, cartographers from the indus: 
ttialized nations agreed to produce a series of 
maps with uniform projection, symbols style, 
scale and technique, which would adequately 
describe all of the mountains, rivers and key 
coastal features of the world, When complete, 
the mosaic of assembled ‘millionth maps’ 
drawnto a scale of 1:1,000,000 — would have 
covered more than 185 square metres (half the 
size of a basketball court) ata cost of £100,000 
(US8200,000), a significant sum at the time. 
‘Some maps were eventually produced but, with 
most nations reluctant to pay their share and 
with two intervening world wars, this grand 
project ended in a whimper in the second half 
of the twentieth century 

The failure of the International Map of the 
World project can, tosome extent, be explained 
by emerging technologies that made the old 
standards obsolete. Some advances have rev 
lutionized data collection and display, and 
some (such as intercontinental ballistic mis: 
siles) expanded the military's need for maps 
that were increasingly accurate and sophis: 
ticated. Monmonier has good knowledge of 
cartographic technologies. In a section on 
overhead imaging, he introduces the proble 
of consolidating images taken from different 
angles and discusses techniques for remote 
sensing, In another chapter he surveys the types 
of electronic chart that are now available. 

Today, the mapping of coastlines has envi 
ronmental and politcal implications. Proposing 
that cartographers can document global climate 
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on the withdrawal of life-prolonging treat 
ment were unknown, whereas Dianne was 
intelligent and competent, and had clearly 
articulated views on how she wanted her life 
to end. Itis odd, perhaps, given that Terri 
would know nothing of the court's decision, 
that the outcome hinged on what her hus 
band and parents claimed her wishes would 
have been, as.a result of the so-called substi 
tuted judgement test, By contrast, the views of 
Dianne, who went on to suffer greatly before 


she died, were largely irrelevant and trumped 
by the possibility of harm to others. 

Thelaw moves in ways that are mysterious to 
many. Both these fascinating books, although 
dealing with different jurisdictions and issues, 
contribute to our understanding of the most 
important ethical challenges that lawyers will 
face in the coming decades. . 
Emily Jackson is professor of law at the London 
School of Economics and Political Science, 
Houghton Street, London WC2A 2AE, UK. 
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storms, tectonic movements, global 
climate change and other natural and artfi 
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features are shown or missing, and understand 
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twentieth century 

Different maps and charts ofthe same coastal 
area show different cartographic coastlines. 
Monmonier calls our attention to four types, 
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designed to serve a specific purpose, and the 
result of many observations and assumptions 
(the later sometimes gaining the upper hand). 
One cartographic coastline is the high-water 
line visible from offshore. Another, introduced 
in the nineteenth century to aid safe navigation, 
isthe low-waterline. Two are more recent: storm 
surge lines are designed mainly for evacuation 
planning and flood insurance, and inundation 
lines describe the plausible effects of changing 
geological and meteorological conditions. 

Monmonier discusses the international 
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the region beyond a nation’s coastline. however 
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exclude foreign vessels not pursuing expeditious 
innocent passage’ along the coast or intola 
port’: Under pressure from military and eco 
‘nomic quarters, territorial waters have, in recemt 
decades, been extended from the traditional 
5.5 kilometres to 22 kilometres from shore. 
Coast Lines introduces the exclusiv 
‘nomic zone (EEZ) in which maritime nations 
can “manage fisheries, mine the sea bed, and 
extract oil and natural gas” but cannot exclude 
foreign vessels. The BEZ extends 370 kilometres 
from shore, except where it encounters the EEZ 
of another nation, in which case the boundary 
is drawn eqiuidistantbetween the two coastlines. 
Islands can affect where the line is drawn. For 
instance, because of the position of Key West 
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cern coast of Florida, the compromise boundary 
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tells the story of the ambitious International 
Map of the World project, Following a German 
_geographer’s proposal a an international con: 
ference in 1891, cartographers from the indus: 
ttialized nations agreed to produce a series of 
maps with uniform projection, symbols style, 
scale and technique, which would adequately 
describe all of the mountains, rivers and key 
coastal features of the world, When complete, 
the mosaic of assembled ‘millionth maps’ 
drawnto a scale of 1:1,000,000 — would have 
covered more than 185 square metres (half the 
size of a basketball court) ata cost of £100,000 
(US8200,000), a significant sum at the time. 
‘Some maps were eventually produced but, with 
most nations reluctant to pay their share and 
with two intervening world wars, this grand 
project ended in a whimper in the second half 
of the twentieth century 

The failure of the International Map of the 
World project can, tosome extent, be explained 
by emerging technologies that made the old 
standards obsolete. Some advances have rev 
lutionized data collection and display, and 
some (such as intercontinental ballistic mis: 
siles) expanded the military's need for maps 
that were increasingly accurate and sophis: 
ticated. Monmonier has good knowledge of 
cartographic technologies. In a section on 
overhead imaging, he introduces the proble 
of consolidating images taken from different 
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sensing, In another chapter he surveys the types 
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change, Monmonier juxtaposes two charts of the 
(Outer Banks of North Carolina that show how 
the coastline in this area has receded over the 
past 125 years, Turning to predictive cartogra 
phy — that is, mapsand charts that indicate the 
probable future effect of rising seas and coastal 
subsidence — he admits that their foundations 
incorporate “multiple sources of uncertainty”: 
Monmonier acknowledges the sensitive political 


nature of materials of this type. For example, 
although he has seen the latest maps of tidal 
marshlands prepared by the US Environmen 
tal Protection Agency, he is prevented from dis 
cussing them before their authorized release. 
By highlighting a selection of topics, 
Coast Lines may succeed in its goal of getting 
the public to think about what maps show 
and why. However, Monmonier cautions 


prospective navigators to be aware that modern 
global-positioning technology enables them 
to know their latitudes and longitudes with 
greater precision than the scientists who made 
their maps in the first place. . 
Deborah Jean Warner is curator of the physical 
‘sciences collections at the National Museum 

‘of American History, Smithsonian Institution, 
Washington DC 20013-7012, USA. 


Changing perceptions of light 


‘Take Your Time: Olafur Eliasson 
MoMA New York 
Until 30 June 2008. 


The vast foyer of New York's Museum of 
Modern Art (MoMA) is being dive-bombed 
by a small electric fan, Suspended from the 
ceiling by wire, it propels itself on an erratic 
course, buzzing over the spectators like a giant 
insect, Rather more calming is the title work 
of the current exhibition, Take Your Tim 
by the Danish-Icelandic artist Olafur Elias: 
son, It features a 12-metre-wide mirrored 
disc, positioned off-kilter so that as it slowly 
revolves it distorts the lines of the room. Hyp 
notic and unsettling, it is best experienced 
while lying on the floor. 

Eliasson is an experimental artist who 
‘engages with science and the natural world. 
In 2003, he filled the immense Turbine Hall 
of London's Tate Modern gallery with a giant 
artificial sun made of 200 yellow lamps, mir 
rorsand mist. Its warm glow induced crowds 
to recline on the gallery floor as if basking 
onabeach, 

Fascinated by our perception of visual effects, 
Eliasson co-hosted a conference at Columbia 
University, New York, on "The Colors of the 
Brain’ to coincide with his 38-piece exhibition. 
‘The artist led his audience through an experi 
ment designed to induce optical after-images, 
asking them to gaze into the bright lights 
overhead, then stare fora minute at a bottle 
placed on a chair, and then look at a blank 
screen, “The pink colour you see is the colour 
of blood in the eyes,’ he explained. Both scien. 
tists and arthistorians took part: neuroscientist 
David Eagleman discussed optical illusions 
and synaesthesia, and the string theorist Brian 
Greene made a valiant effort to explain his own 
abstract work, 

“Science,” Greene asserted, “reveals a reality 
different from what we perceive” Eliasson simi 
larly questions our precarious notion of what 
is external and what is created in the mind of 
the perceiver. His 360° Room For All Colours 


(Olatur Eliasson’s 360° Room For All Colours explores how our minds perceive th 


sxternal world. 


on view at MoMA — isa backlit drum of 
projected light that shines bright pink, bleeds 
to white, then turns electric blue. The colours 
seem to loiter in the mind's eye even after they 
have gone. Another room is starkly itby flashes, 
of different tones of white (some cool, others 
warm), the subtle changes in hue revealing the 
white cube gallery space to be less of a neutral 
background than it might initially appear. 

Two rooms display Eliasson’ maquettes and 
architectural models. Contrasting with the 
‘minimalist maseum installations, these give us 
a glimpse inside Eliasson’s working mind — the 
rooms are a crazy mix of revolving spheres, 
kaleidoscopes, geodesic domes and chandeliers 
made of shards of mirrored glass. 

Much of Eliasson’s work deals with the 
intersection of natural and mechanical ele 
ments. In Your Strange Certainty Still Kept, 
an aggressive strobe light freeze-frames water 
dropletsas they sprinkle into a trough from a 
perforated hose. The stationary drops sparkle 
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and glitter, asifsuspended in space. In Beauty, 
gallery viewers may walk through a fiery, pul 
sating rainbow curtain of fine mist that is 
illuminated by a single spotlight. In Reversed 
Waterfall, a makeshift stack of metal bins, 
pumps and jets are assembled to force the 
water to flow uphill 

In late June, and on a different scale, the 

y's Public Art Fund will launch Eliasson's 
USS15-million New York City Waterfalls 
project, a series of four enormous and noisy 
man-made torrents measuring between 27 
and 37 metres high. They will be located 
under the Brooklyn Bridge and at other sites 
along the East River. It will be the largest art 
installation in the city since Christo filled 
Central Park with his saffron-coloured Gates 
in 2005 and, for the few days that this aqueous 
extravaganza coincides with his retrospective, 
Eliasson's dominance of New York’sart scene 
will be total . 
‘Christopher Turnerisa writer based in New York 
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SCIENCE & MUSIC OPINION 


ESSAY 


The evolution of music 


Inthe second of a nine-part essay series, Josh McDermott explores the origins 
of the human urge to make and hear music. 


We think we understand why we are driven to 
eat, drink, have sex, talk and so forth, based on 
the uncontroversial adaptive functions of these 
urges. The drive to engage in music, a compul: 
sion that is arguably just as pervasive in our 
species, has no such ready explanation. Music 
was one human behaviour that Charles Dar 
win was uncertain he could explain, writing in 
Descent of Man, and Selection in Relation to 
: “As neither the enjoyment nor the capac 
ity of producing musical notes are faculties 
of the least use to man... they must be 
ranked amongst the most mysterious 
‘with which he is endowed.” 

‘Music’sorigins have remained 
puzzling in the years since, 
although there is no short. 
age of speculation on the 
subject, Some argue that 
music is merely a side 
effect of traits that evolved 
for other functions. Our 
perceptual and cogni 
tive abilities may have 
accidentally resulted in 
system that finds pleas 
ure and interest in musi 
cal stimulation. This idea 
should perhaps be the null 
hypothesis, and is by no 
means implausible. Music's 
perceptual basis could derive 
from general-purpose audi- 
tory mechanisms, its syntactic 
components could be co-opted 
from language, and its effect on 
‘our emotions could be driven by the 
acoustic similarity of music to other 
sounds of greater biological relevance, such 
as speech or animal vocalizations. 


Just-So stories 
Others contend that music is an adaptation 
with an associated biological function. Some 
(including Darwin) have proposed that music 
is the product of sexual selection. Alternative 
hypotheses include that music promoted social 
cohesion in group activities such as war or reli 
gion, that music was an evolutionary anteced. 
ent to language, or that its evolution was driven 
by the pacifying effect it has on infants. 
‘These discussions run the risk of being 
mostly ‘Just-So’ stories, as there are few data 
with which to test or constrain theories. The 


fossil record provides scant clues, and many of 
the experiments that one might conduct to ask 
questions about adaptations in other species, 
such as removal of a trait to test the effect on 
fitness, are impractical or unethical. Moreover, 
any current effect on fitness, or lack thereof, 


is of questionable relevance, as music's func 
tions today might well differ from those that 
were operative when it evolved. But just asit is 
premature to speculate about adaptive function. 
in the absence of data, itis 


are shared with other cognitive domains. 
Despite not explicitly testing particular 
adaptationist theories, these two research direc 
tions nonetheless constrain theories of musics 
evolution in useful ways. Any music-related 
behayiourthat has been selected for must have 
‘agenetic basis; and many aspects of music may 
not beso determined. A trait selected for its 
role in music might additionally be expected 
to function specifically in music, and not 
in other domains, If some music 
related trait — say, the ability to 
perceive pitch changes — were 
shown to overlap functionally 
with something that had a 
clear adaptive function, 
such as the perception 
of speech intonation, it 
‘would seem more likely 
that its role in music is 
a fortuitousside effect. 
No single such exam 
ple is definitive, but 
repeated demonstra 
tions of nonspecfiity 
would render adapta: 
tionist hypotheses less 
plausible 


Culture club 
‘The mere presence of 
‘music in every known cul 
ture implies some genetic 
basis. But music varies dramat 
ically from culture to culture, and 
many aspects of musical behaviour 
seem at best only weakly constrained 
by genetics, Whereas our ability to hear 
pitch intervals, for instance, could well be 
biologically rooted in the hardware ofthe audi 
tory system, our emotional response to particu- 
lar scales or chords seems likely to be acquired 
from exposure to a particular culture. Interac: 
tions between genes and environment are com: 
plex, and unravelling their contributions is not 
easy, but studies of music 


also too soon to conclude “Somehave proposed that _ in different cultures and of 
dat muses ues musicistheproductof | ™so!sedonnn ote 
The way forward lice sexual selection.” Ticker ienalay 


in targeting two more 
modest goals. Empirical studies can help to 
identify musical traits that have a genetic 
basis, and can test whether these traits 
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‘music-related traits emerge 
in human infants with fairly minimal musical 
input, providing some evidence for innate 
constraints, Babies notice when the notes ofa 
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melody are reordered, but not when they are 
shifted to a different pitch range. Infants, 
like adults, are sensitive to the relation. 
ships between notes, which ispreserved 
in transposition, but altered by reor- 
dering. Infants also tend to be capti~, 
vated by music relative to many other 
stimuli, Not all music is equivalent to 
them — they prefer combinations 
of notes that are judged by 

adults to sound pleasing, or 
consonant (the perfect fifth, 
for instance), over combina. 
tions that are less pleasing, 
ordissonant (aminor second). 
Infants may even extract metre 

from music: they react when the 
rhythm changes from a march to 
awaltz, 


Universal ape: 
Features of music that occur repeatedly 
around the world despite the substantial 
cultural variation in music also provide 
clues to genetically constrained mechanisms. 
Lullabies seem to qualify as a rare universal 
— nearly every culture has a genre of music 
geared towards infants, and there is consider: 
able consistency in how they sound, generally 
being slow, repetitive and featuring descending 
pitch contours. Other features that are com 
‘mon, if not completely universal, among cul: 
tures include the inclination to dance to musi 
musical metre, and the hierarchical organiza: 
tion of pitch, giving structural prominence to 
particular notes over othe: 

Might any of these potentially heritable traits 
have evolved specifically for music? Examin 
ing functional overlap with other domains 
can provide insight. Language is generally the 
most popular candidate; both faculties com 
bine discrete elements (notes/phonemes)into 
complex structures according to rules. There 
is growing evidence that this resemblance is 
more than superficial, Neuroimaging shows 
frequent overlap between 
the brain regions that lan- 
‘guage and music activate. 
Recent studies suggest that 
Broca‘s area — thought to 
be responsible for linguistic 
syntax — is also activated 
by chords that are inappro- 
priate to their musical con- 
text, indicating that the area may havea role in 
musical grammar: Behavioural research also 
suggests that musicand language comprehen- 
sion can interfere with each other. 

It is also conceivable, although largely 
untested, that much of the interest that young 
infants have in music is due to its similarity to 
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speech or other biologically relevant signals. 
Experiments manipulating this similarity 
‘could help to reveal whether there isan effect, 
that is specificto music. 


Animals and music 
Music perception in animals can also help to 
determine the functional specificity of musi 
cal traits. Animals lack music; 
although some birds, whales 
and other species are said to 
‘sing, song is absent in most 
primates, including the apes, 
and as such is almost surely 
not homologous to human 
music. Any music-related 
trait found in animals, such as 
a preference for some sounds over others, or 
a tendency to hear pitches an octave apart as 
similar, is thus likely to represent a more gen- 
eral-purpose mechanism. Similarities between 
human and nonhuman animals can thus indi. 
cate that a trait did not evolve for music. 

Most studies on music perception in animals, 
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have emphasized theie differences with 
humans rather than potential homolo- 
gies. Animals, unlike adult and infant 
> humans, have difficulty recognizing 
‘melodies that have been shifted up 
‘or down in pitch, for instance. 
Comparative data are gen 
erally more powerful when 
similarities are present 
across species rather 
than differences and, 
so far, few are evident 
for music, Many musi 
cal capacities, however, 
remain unexplored, 
Rhythm and metre, 
for instance, have been 
neglected, and could 
plausibly result from 
general-purpose mecha- 
rnisms that some animals 
might share, The list of 
species that have been tested 
isalso short; notably absent are our closest 
relatives, the apes, whose auditory systems 
and cognitive abilities are likely to be closest 
toour own, 


Enduring puzzle 
So far, it seems as ifthere are several aspects of 
musicality that emerge early in life with mini 
mal exposure to music, and several that are 
present across diverse musical cultures. These 
traits may thus be partially heritable, It rem: 
possible that none of these traits is specific to 
music. This would argue against the idea that 
music is an adaptation, However, there is much 
we still do not know, and future experiments 
could certainly alter this picture. 

‘Music is universal, a significant feature of 
every known culture, and yet does not serve 
an obvious, uncontroversial function, As such 
itstands in contrast to other universal human 
behaviours. Speculation about its possible 
adaptive functions has been popular since the 
time of Darwin, and shows few signs of resolu- 
tion. Empirical approaches offer a promising 
alternative, There is no guarantee that a full 
account of music’s origins will ever emerge: in 
fact, that seems quite unlikely at present. None- 
theless, the right experiments will reveal a great 
deal — about the innate core of musical behav- 
jour, the traits that might be unique to music, 
and the possible origins of those components 
that are not. All of which promises to enrich 
‘our appreciation of thishuman obsession. 
Josh McDermott is a postdoctoral associate 
‘studying hearing and music perception in. 
the Department of Psychology, University of 
Minnesota, 75 East River Road, Minneapolis, 
Minnesota 55455, USA. 


25 years of HIV 


Reflecting on how far we have come scientifically since isolating HIV in 1983, Anthony S. Fauci urges a 
renewed commitment to the far greater challenges ahead, especially that of vaccine development. 


of the defining features of the 

past quarter of a century. 
Although it is short-lived in the 
scheme of public-health crises, the 
pandemic ranks among the most 
devastating microbial scourg. 
in human history, one whose full 
impact has yet to be realized. 

Sixty million people have been 
infected with the human immunode- 
ficiency virus (HIV); nearly halfhave 
died, and the toll on families, commu: 
nities and even entire nations has been 
profound, Meanwhile, the biomedical» 
research effort directed at HIV/AIDS 
has resulted in some breathtaking 
successes. Unlike many other diseases 
that affect mostly the poor, marginal 
ized and disenfranchised, HIV/AIDS 
captured the attention of world leaders, 
the medical, public-health and activist 
communities, funding agencies, phi 
lanthropists and many celebrities. This 
resulted in an unprecedented scientific 
and public-health response to the disease, 
and in welcome attention to some of the many 
other problems endemic in those populations 
most severely afflicted with HIV/AIDS, such 
malaria, tuberculosis and gender inequality. 

‘Much remains to be accomplished in the glo- 
bal fight against HIV, There 
are many more scientific and 
medical hurdles to be cleared 
and numerous logistical and 
operational obstacles to 
making therapies and other 
interventions available to 
poor countries, where per 
capita income is sometimes 
only a few hundred dollars 
year and health-care spending a tiny fraction 
ofthat, Reflecting on the era of HIV/AIDS, we 
‘must learn from our mis-steps, build on our 
successes in treatment and prevention, and 
renew our commitment to developing the truly 
transforming tools that will one day put this 
scourge behind us. 


Baffling beginnings 

People living through historic events often 
fail to recognize the significance of what they 
experience. Such was the case for me, and 
many of my colleagues, in the first months 


Te HIV/AIDS catastrophe has been one 


ofthe AIDS pandemic. 
Only in retrospect can we 
identify its different stages. The first 
begatiin June 1981, when physicians in New 
York and California reported unusual clusters 
of rarédiseases in previously healthy gay men, 
‘notably Pheumocystis carinii pneumonia anda 
form of cancer called Kaposi’s sarcoma. When 
‘we inthe medical profession read those initial 
cases 27 years ago — and 
treated some of the early 
AIDS patients — our pre- 
vailing emotion was bewil- 
derment. 

Thad seen other ‘mystery* 
diseases in my career, such 
asthe legionnaires’ disease 
outbreak of 1976, But AIDS 
was from the beginning 
much more insidious and enigmatic. As cases 
began to appear among distinctly different 
social groups in 1981-82, and as we began to 
understand better the profound and complex 
immunodeficiency of our patients, it became 
clear that we were witnessing the unfolding of 
something truly novel and frightening. The 
severity of AIDS and the signs that it appar- 
ently could be spread by a ubiquitous human 
activity — sex — suggested that we were in for 
a difficult time. 

‘The scientific community marshalled its 
resources and talent to fight AIDS; investiga- 
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tors from different disciplines began 
‘working on this new disease, Within 
‘months of the recognition of the first 
cases in the summer of 1981, I shifted 
> the direction of my laboratory from 
J the study of inflammatory diseases 
to this curious new syndrome, My 
research has been closely intertwined 
with HIV and AIDS ever since, For 
nearly two years, the cause of AIDS 
remained elusive; the scientific 
{community was largely baffled, 
“lacking good leads for developing 
therapies or even a diagnostic test. 
‘Those of us caring for patients 
with AIDS had few tools at our 
disposal. The only treatments we 
could provide were largely palliative 
and the lifespan of most of our patients was, 
‘measured in months. Those years were the 
darkest of my professional career. 


Glimmer of hope 
‘Twenty-five years ago this month came a 
glimmer of hope. In 1983, Luc Montagnier's 
research team in Paris published in Science the 
first paper (pictured) providing evidence link- 
ing. retrovirus to AIDS, The following year, 
further data from Robert Gallo’s group in the 
United States provided convincing evidence 
that this retrovirus (later named HIV) was the 
‘cause of AIDS. That these two outstanding sci 
entists became embroiled in a controversy — 
largely played out in the media — about who 
discovered HIV was an unfortunate distrac- 
tion, As they would later write in The New Eng- 
{and Journal of Medicine: "Many lessons can be 
drawn from this early intense period, and most 
suggest that science requires greater modesty” 
A quarter ofa century on, the importance of 
collaboration, collegiality and, yes, modesty, 
are ever more apparent, as it becomes clear 
that no single research group or discipline will 
solve the puzzles of HIV/AIDS. 

Afier the discovery of HIV, research moved 
ata breathtaking pace. A blood test to diagnose 
patients and to screen the blood supply quickly 
followed, as did enormous progress in under- 
standing the geneticsand structure of HIV and 
its disease-causing mechanisms. The rapid 
clinical testing and licensing in 1987 of the first 
effective drug against HIV, zidovudine (AZT), 
caused great excitement. In retrospect this was 
unfounded, as the molecular characteristics 


of HIV, notably its propensity to replicate 
and mutate rapidly, made any single drug 
unlikely to hold the virus in check. Previous 
experience with antimicrobials for other 
diseases and the inevitable emergence 
of drug-resistant pathogens should have 
made us more cautious about the pros: 
pects for AZT monotherapy. 

HIV quickly developed resistance to 
AZT and the benefits of the drug rapidly 
‘waned, Initial optimism about therapy 
save way to sobering reality as the AIDS 
pandemic continued to grow in the 
United States and elsewhere, Clinicians 
remained hobbled by a lack of effective 
anti-HIV drug regimes, and many more 
patients were lost to AIDS, 

Gradually, the fruits of cutting-edge 
drug development began to appear. In 
late 1995, the first of a new class of antiretro: 
Viral drugs — protease inhibitors — reached 
the market, Other new drugs that attacked the 
Virus in different ways followed, and we soon 
had a greater number of effective drugs for 
HIV than forall other viral diseases combined. 
‘The new therapies used in combination with 
‘older medicines rapidly improved the progno- 
sis for vast numbers of HIV-infected patients. 
‘The AIDS death rate in the United States fell by 
more than two-thirds within two years of the 
licensing ofthe first protease inhibitor. Despite 
certain limitations ofthe new treatments, nota 
bly toxicity and drug resistance, they launched 
a new era of optimism. 

But HIV/AIDS is predominantly a disease of 
the developing world, where access to scientific 
advances and therapies s difficult. Fewer than 
‘one-third ofthe people who need antiretroviral 
therapy are currently receiving it, despite heroic 
efforts on the part of individuals and organiza 
tions, and some truly transforming and innova: 
tive programmes such as 
the Global Fund to Fight" 
AIDS, Tuberculosis, and 
Malaria and the US Pres: 
ident’s Emergency Plan 
for AIDS Relief, Further: 
more, itis clear that treat 
ment alone will never end the AIDS pandem 
New infections far outstrip our ability to treat 
everyone infected with the virus: around three 
people are newly infected for every person put 
‘on therapy — and current HIV therapy isalife- 
Jong commitment. 


More mountains 

‘To improve these formidable odds, we have 
two main options. The first is to cure patients, 
that is, to purge every vestige of virus from 
their bodies so that a course of treatment could 
be measured in weeks or months rather than 
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‘Agent identified: early images captured 
bby Robert Gallo (top) and Luc Montagnier ofthe 
retrovirus later named HIV. 


a lifetime. Sadly, because of'the ability of HIV 
to hide within cells from both drugsand the 
immune system, such a treatment regime has 
proved elusive, although important work in 
this area is being pursued. 

‘This leaves uswith the second option: pre- 
venting HIV infection in the first place. We 
have a proventarray OFHIV- prevention and 
harm. reduction strategies: behavioural mod. 
ification; condom distribution; antiretroviral 
drug regimes to prevent HIV transmission 
from mother to baby; and the provision of 
cleatincedles and syringes to drug users. We 
must now do better at delivering prevention: 
less than 20% of those at risk of HIV infection 
are eurrently receiving such help. 

Encouragingly, new means of preventing 
HIV are emerging. Large randomized and 
controlled clinical trials 
in Africa suggest that 
adult male circumci 
sion, if properly and 
hygienically performed 
and accompanied by 
appropriate counselling 
and post-surgical care, can help prevent men 
becoming infected with HIV by heterosexual 
intercourse. Ongoing work to develop micto- 
bicidal gels or creams to be applied before sex 
offers the hope of empowering women to pro- 
tect themselves from HIV infection when the 
use of condoms or the refusal of sexual inter- 
course is not feasible. 

Yet the major goal of HIV/AIDS research 
cludes us: the development of a safe and effec- 
tive HIV vaccine, our best hope for ultimately 
ending the pandemic. The search for a vaccine 
hasbeen made extremely difficult by the nature 
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of the virus, particularly its ability to 
integrate into the genome of host cells, 
to mutate readily and to conceal that 
part ofits outer coat that would induce 
protective antibodies. 

It is now clear that we were naive to 
think there would be a straight path 
from the discovery and characteriza- 

tion of HIV to the development of a 
vaccine. HIV has proved very different 
from those viruses for which we have 
developed effective immunizations, We 
‘must solve the mystery of how to prompt 
the human body to produce a protective 
imitine response that is even better than 
the one elicited by natural infection, ‘This 
will require a commitment to fundamen: 
tal research to address the many questions 
that remain about HIV and its interactions 
with its human host, HIV/AIDS science, 
particularly that involving a vaccine, isin some 
ways still in its infancy, We must move forward 
by fostering creative thinking over many dif- 
ferent disciplines. 

In this regard, the pursuit of new research 
avenues by established scientists and especially 
by younger investigators is critical In addition 
to the disciplines classically associated with 
HIV research — virology and immunology 
— we must encourage more ‘cross-fertlization’ 
with other fields such as genetics, structural 
biology, systems biology and peptide chemistry 
as we strive to generate the knowledge needed 
to develop an HIV vaccine, 

Delivering HIV interventions for the people 
it most affects requires political will, a 
long-term supply of considerable financial 
resources, scientific and public-health vision, 
and dedication from all sectors of society. 
With these ingredients, the trajectory of our 
fight against the HIV/AIDS pandemic in 
the next quarter of a century could move 
from cautious optimism towards triumph. 
Absent any of these factors, and history will 
not judge us kindly. . 
‘Anthony S.Fauciis director ofthe National 
Institute of Allergy and Infectious Diseases 
(NIAID) at the US National institutes of Health 
in Bethesda, Maryland, and chief of the NIAID 
Laboratory of lmmunoregulation. 


FURTHER READING 
Bare Sinouss etl Science 220, 868-871 (1983), 

Fauci AS & Lane. H.C i Horrors Principe of Iter 
Medicine, 7th ediion eds FausA. etal) 137-204 
(McGraw Hil New York 2008) 

Fasc A S Science 239, 617-622 (1988) 

Gala, .C.& Montagne LN. Engl Mad 349, 2282-2285 
(2003) 

Join Unite Nations Programme on HIV/AIDS (UNAIDS) 
‘ADS Epidemic Update December 2007 (UNAIDS, Genera 
2007), 

Levy A HIV andthe Pathogenesis of AIDS (ASM Press, 
‘Washington DC, 2007) 


3 
Fi 


Vol 453)15 May 2008 


PALAEOCLIMATE 


NEWS & VIEWS 


Windows on the greenhouse 


Ed Brook 


Data laboriously extracted from an Antarctic ice core provide an unprecedented view of temperature, 
and levels of atmospheric carbon dioxide and methane, over the past 800,000 years of Earth's history. 


Palacoclimatologists are scientific detectives, 
Using indirect clues from concentrations of 
stable isotopes and trace elements, and from 
fossils and other components of the geologi: 
cal record, they infer changes in climate long 
before they themselves were on the scene. 
Direct evidence of past environmental con 
ditions is rare, which makes it all the more 
valuable where it does occur. In this issue", 
members of the EPICA (European Project for 
Ice Coring in Antarctica) collaboration present 
the latest, and longest, record from perhaps the 
most valuable of these archives the atmos: 
pheric gases trapped and preserved in ice cores 
extracted from Earth’s polar regions. 

Polar ice cores provide us with the long view 
of the cycling of greenhouse gases such as car- 
bon dioxide and methane, Their potential is 
being realized by a relatively small band of 
international scientists who are gradually drill: 
ing further down into the ice cap and progres: 
sively analysing older ice cores. Until recently, 
the Vostok ice core from eastern Antarctica 
set the benchmark’ — an iconic 440,000-year 
data set that became a central backdrop for 
discussions about modern climate change. 

‘That ante was upped in 2005 by a 650,000- 
year record from EPICA’ Dome C; another 
Grilling site in eastern Antarctica where much 
older ice could be extracted. An 800,000-year 
reconstruction of temperature change from 
the core already existed’. Now, after years 
of careful work and collaboration, Dome C 


has yielded a complete reconstruction of the 
history of atmosphericearbon dioxide (Lathi 
etal, page’379)' and methane (Loulergue etal, 
page 383)" ovetthe past 800,000 years. 

The fundamental conclusion that today’s 
concentrations of these greenhouse gases 
have no past analogue in the ice-core record 
remains firm. The general long-term behav 
our of methane and carbon dioxide, following 
Patterns driven ultimately by slow changes in 
Barth’ orbit, continues throughout the older 
sections of the records. The remarkably strong 
cortelations of methane and carbon dioxide 
with temperature reconstructions also stand 
(Fig. 1, overleaf). 

‘The data further reinforce the tight link 
between greenhouse gases and climate, a link 
maintained by as-yet only partially understood 
feedbacks in the Earth system. Variations in 
methane levels are most probably caused by 
variations in the influence of temperature and 
rainfall on wetlands in the tropics and boreal 
(high-northern-latitude) regions. Carbon diox- 
ide variability isalmost universally viewed asan 
oceanic phenomenon, a consequence of the 
large pools of carbon sequestered there. Changes 
in ocean circulation, biological productivity, 
carbon dioxide solubility and other aspects 
of ocean chemistry have been implicated, 
but the exact mix of mechanisms is not clear. 

In considering these extended records 
in detail, intriguing nuances emerge. Their 
most prominent feature isa sawtooth-shaped 
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variability on 100,000-year timescales. As 
reported last year’ the amplitude ofthe 100,000: 
year temperature cycle reconstructed at Dome 
‘Cseems to have changed fundamentally about 
450,000 years ago (Fig. 1). Warm phases (inter 
slacials) in the later period have been warmer, 
‘whereas cold phases (glacials) seem similar 
throughout the record. The carbon dioxide 
record generally shares this pattern, with muted 
cycles in its older part, Methane also follows the 
trend, though not as strongly: relatively high 
methane maxima in the oldest interglacial cycle 
approach those of later warm periods. 

A curious facet of the extended carbon 
dioxide record is unusually low levels of the 
gas during the two earliest glacial-interglacial 
cycles. Lithi ct a, speculate’ that, taken as a 
‘whole, the carbon dioxide record is hinting at 
a longer-term cycle in mean levels of the gas 
that takes 400,000-500,000 years to complete. 
The eccentricity of Earth's orbit — its devia- 
tion from a perfect circle — does vary with a 
413,000-year period. But whether this or some 
other mechanism explains any variation awaits 
the retrieval of an even older ice core. 

The extended records also provide infor- 
‘mation about shorter-term, millennial-scale 
climate change taking place within the longer 
cycles. Data from ice cores in Greenland cover: 
ing the past 110,000 years show that variations 
in methane levels were extremely closely cou- 
pled to episodes of abrupt warming and cool- 
ing in the mid-to-high latitudes of the Northern 
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Figure't|Alonglook back. a, The 800,000-year records of atmospheric carbon dioxide (reds parts 
per million, ppm.) and methane (green; parts per billion, ppb.) from the EPICA Dome C ice core'*, 
together with a temperature reconstruction (relative tothe average of the past millennium) based 

‘on the deuterium- hydrogen ratio ofthe ie’ reinforce the tight coupling between greenhouse-gas 
‘concentrations and climate observed in previous, shorter records. The 100,000-year sawtooth’ 
Variability undergoes a change about 450,000 years ago, with the amplitude of variation, especially in 
the earbon dioxide and temperature records, greater since that point than it was before, Concentrations 
‘of greenhouse gases in the modern atmosphere are highly anomalous with respect to natural 
‘greenhouse-gas variations (present-day concentrations are around 380 pp. for carbon dioxide and 


1,800 ppb for methane) 


Hemisphere”, No older records from Green: 
land exist at present; indeed, records extending 
back further than about 200,000 years are not 
‘expected to be found there owing to high accu: 
‘mulation rates and the flow of older ice towards 
the margins ofthe ice sheet. But assuming that 
the close coupling between Greenland’s tem 
perature and levels of atmospheric methane 
holds before 110,000 years ago, jumps in the 
Dome € methane record provide a Southern 
Hemisphere proxy for abrupt warming in the 
Northern Hemisphere. Loulergue etal.” iden: 
tify 74 such jumps in their data and, following 
this logic, conclude that abrupt warming and. 
cooling in Greenland and the Northern Hemi 
sphere has been a characteristic of the climate 
system over at least the past 800,000 years. 
Again using methane as a proxy for Green. 
land's temperature patterns, it can beshown 
that on millennial timescales carbon dioxide 
concentrations rose during times when Green- 
land was cold. At the same time, Antaretica 
‘warmed’. This pattern has been attributed to 
the effect of changes in ocean circulation on the 
carbon cycle and climate". Lathi etal.‘ identify 
‘examples of this kind of variability in iceas old 
«as 750,000 to 780,000 years, another indica~ 
tion that these millennial patterns pervade the 
palaeoclimate record 
‘These new benchmark data" for green- 
house-gas variability pose questions as to 
‘what a much longer record might show. One 
such question is whether the 400,000-300,000- 
year cycle speculated on by Lithi et al."isa real 
effect. Another is whether the 100,000-year 
cycles in carbon dioxide and methane, now 
so clearly established, give way to 40,000-year 
cycles before about 900,000 years ago: such 
behaviour might be predicted by compari- 
son with climate reconstructions from ocean 
sediments" If that is the case, what caused 


‘The carbon dioxide and methane trends from the past 2,000 years!" 


the shift? Was ita reduction in mean cdincen= 
trations of greenhouse gases 900,000 years 
ago? This commonly cited:theory'” itjust 
one of many competing hypotheses. 

The international community of ice-core 
scientists, under the auspices of the umbrella 


group IPICS (International Partners in Ice Core 
Sciences), has set itself the immediate target 
of establishing a continuous 1.5-million-year 
record to attempt to answer these questions, 
The search for the right sites is beginning, 
and is likely to take several years. The best 
places are undoubtedly in eastern Antarctica, 
‘most probably in remote, high regions where 
‘snowfall rates and temperatures are extremely 
low. Meeting the challenge of drilling those 
cores should open up a further window on 
‘goings-on in the greenhouse. . 
Ed Brook isin the Department of Geosciences, 
Oregon State University, 104 Wilkinson Hall, 
Corvallis, Oregon 97331-5506, USA, 

‘e-mail: brookescience.oregonstate.edu 
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SIGNAL TRANSDUCTION 


The rhodopsin story continued 


Gebhard F. X)Schertler 


Determination of the architecture of an invertebrate photoreceptor prot 
isa notable event. It illuminates the mechanism of 


squid rhodop: 


invertebrate vision and a ubiquitous intracellular signalling system. 


Many invertebrates have excellent visual 
systems!. Squid, for example, are formidable 
hunters that rely on their acute visual abilities 
to catch their prey. As in vertebrates, the prop: 
erties of the photoreceptor protein rhodopsin 
contribute significantly to those abilities. So 
cone reason for the attention that will be paid to 
the paper on page 363 of this issue", in which 
Murakami and Kouyama present a high- 
resolution crystal structure of rhodopsin from 
the squid retina, is that it will help in under- 
standing invertebrate vision. But the paper's 
significance extends far beyond that. 
Rhodopsin is located in the cell membrane 
of photoreceptor cells. When activated by light, 
it undergoes a conformational change that 
triggers the action of a heterotrimeric GTP- 
binding protein (G protein) lying just beneath 
the cell membrane. Rhodopsin, therefore, isa 
member of the superfamily of G-protein-cou- 
pled receptors (GPCRs), all of which contain 
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seven structural domains that each span the 
membrane. However, invertebrate rhodopsin 
signals through the a-subunit of a G, type of 
G protein (rather than transducin, the 
‘a-subunit for vertebrate rhodopsin), leading to 
activation of phospholipase C and eventually 
the opening of a calcium channel (rather than 
activation of cyclic GMP phosphodiesterase, 
leading eventually to closing of a cation 
channel, which occurs in vertebrates’). 

In other words, Murakami and Kouyama* 
are the first to determine the structure of a 
G coupled GPCR. The wider significance of 
the paper is that many hormone and neuro- 
transmitter receptors signal through Gy, 
including vasopressin and oxytocin receptors 
aswell as serotonin and acetylcholine receptors 
in the brain. And many drugs, such as anti- 
hhistamines and angiotensin antagonists, target 
G,-coupled receptors. 

“The functional unit of squid rhodopsin 


[NATURE|Vol 453/22 May 2008 


NEWS & VIEWS 


underlying mechanism isas follows. When a 
cell becomes infected with the virus, it displays 
apoptotic features, including the presence of 
phosphatidylserine in its outer membrane 
layer. Thus, when the virus buds off from the 
cell itinherits this as part ofits envelope. Con- 
sequently, cells probably ‘mistake’ the unusu- 
ally large vaccinia virus for an apoptotic body 
(the debris of dying cells) and engulf 

Mercer and Helenius’ find that vaccinia virus 
seems to enter its host cell through an endo- 
eytic process called macropinocytosis, which 
normally mediates fluid uptake. Like virus 
budding, virus uptake also exploits apoptotic 
‘mechanisms, The authors show that vaccinia 
virus intially binds to cytoplasmic protrusions 
called filopodia that extend from the surface 
ofthe target cell. It moves along them towards 
the cell body, and then somehow sends signals 
into the cell, stimulating extensive membrane 
blebbing, During blebbing, the actin network 
that forms the scaffolding of the cell beneath. 
the cell membrane becomes detached (Fig. 2). 
Blebbing is transient, and soon after, the net: 
‘work reassembles in the same cellular location, 
and the blebs retract’ 

‘he authors find that virus internalization by 
this macropinocytosis-like process is mediated 
by the blebs, as bleb retraction and re-forma- 
tion of the actin network coincide with virus 
entry, Moreover, the drug blebbistatin, which 
inhibits blebbing’, blocks virus entry. In addi 
tion, virus internalization requires several pro: 
teins (including actin, PAK, Rac! and various 
lipid- and protein-kinase enzymes) that are 
involved in membrane blebbing’. Thus, bleb: 
bing might participate in endocytosis, probably 
‘when the bleb is retracting and the actin system 
is re-forming, as the bleb could fold over, or 
invaginate — a process that would resemble 
macropinocytosis. 

‘The possibility that blebbing and macro- 
pinocytosis are two entirely independent 
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Figure’1| Source of infection. False-colour 
clectron microscopy image of vaccinia virus. 


‘Most viuses: plant and bacterial toxins 


1b Vaccinia ius 


Macropinocytosis 


Figure 2| Vaccinia virus chooses to be different: a, Most viruses, as well as plant and bacterial toxins, 
‘enter host cells through the classic method of endocytosis, which involves membrane invagination 
«and pinching off of the membrane to form an intracellular transport vesicle, Three different forms 
‘of this type of endocytosis are shown. b, Mercerand Helenius’ find that vaccinia virus enters by an 
«endocytic mechanism resembling macropinocytosis, On the cell surface, the virus triggers membrane 
blebbing, which might also lead tothe formation of membrane invaginations that will evolve into 
transport vesicles. The actin network, which is normally present beneath the cell membrane and is 
involved in various endocytic processes absent inthe bleb, but re-forms during bleb retraction, 


processes, both of which are stimulated by 
vaccinia virus, is equally validespecifically, 
blebbistatin inhibits the myosin 11 protein, 
which is required for blebbing, But it can also 
inhibit myosin-II-independent processes such 
‘as macropinocytOsis|. So Mercer and Heleni- 
us’ observations raise the question of whether 
macropinocytosis should be subdivided into 
atleast twotypes:thetraditional type in which 
‘membrane ruffling (small, dynamic folds of, 
the membrane; Fig. 2b) precedes vesicle for: 
mation: and the type that involves blebbing, 
Multimodal macropinocytosis would fit well 
With the increasing number of other types of, 
endocytosis that are being identified”. 

‘That opportunistic pathogens exploit various 
‘iéchanisms for entry and replication within 
host cells is also documented in a study’ of, 
the bacterium Pseudomonas aeruginosa. This 
pathogen induces the formation of very large 
membrane blebs in epithelial cells, entering 
the blebs and replicating there. The blebs are 
quite translucent, and do not seem to contain. 
«cytoskeletal elements such asactin, Morcover, 
the bacteria are highty motile within the blebs. 
But the exact mechanism of bacterial entry into 
them remains elusive. 

Discoveries often raise new questions, and 
Mercer and Heleniuss work’ isno exception. 
First, what is the exact relationship between 
blebbing and macropinocytosis? Cholesterol, 
for example, is required for both virus infec- 
tion and macropinocytosis.Isit also required 
for blebbing? Is virus-induced blebbing cell- 
type-specific? What happens in polarized cells, 
in which membrane components and struc- 
tural elements vary in different parts of the 
«ell, as opposed to the non-polarized cell ines 
that were studied here? As the active form of, 


the Arf6 protein inhibits virus infection, one 
‘might also wonder how Arfé is involved in this 
process, Much is to be learnt about the mech: 
anisms and pathways underlying the inter: 
nalization of opportunistic pathogens such as 
vaccinia virus, Ironically, further knowledge 
about endocytosis itself is likely to come from 
studies of pathogens. . 
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Correction 
Inthe News & Views article “Palaeoclimate: 
‘Windows on the greenhouse” by Ed Brook 
(Nature 453, 291-292; 2008), the wrong credit 
‘was used forthe picture on page 291, The figure 
in fact came from the 1978 doctoral thesis of W. 
Berner (University of Been. 
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Figure't|Alonglook back. a, The 800,000-year records of atmospheric carbon dioxide (reds parts 
per million, ppm.) and methane (green; parts per billion, ppb.) from the EPICA Dome C ice core'*, 
together with a temperature reconstruction (relative tothe average of the past millennium) based 

‘on the deuterium- hydrogen ratio ofthe ie’ reinforce the tight coupling between greenhouse-gas 
‘concentrations and climate observed in previous, shorter records. The 100,000-year sawtooth’ 
Variability undergoes a change about 450,000 years ago, with the amplitude of variation, especially in 
the earbon dioxide and temperature records, greater since that point than it was before, Concentrations 
‘of greenhouse gases in the modern atmosphere are highly anomalous with respect to natural 
‘greenhouse-gas variations (present-day concentrations are around 380 pp. for carbon dioxide and 


1,800 ppb for methane) 


Hemisphere”, No older records from Green: 
land exist at present; indeed, records extending 
back further than about 200,000 years are not 
‘expected to be found there owing to high accu: 
‘mulation rates and the flow of older ice towards 
the margins ofthe ice sheet. But assuming that 
the close coupling between Greenland’s tem 
perature and levels of atmospheric methane 
holds before 110,000 years ago, jumps in the 
Dome € methane record provide a Southern 
Hemisphere proxy for abrupt warming in the 
Northern Hemisphere. Loulergue etal.” iden: 
tify 74 such jumps in their data and, following 
this logic, conclude that abrupt warming and. 
cooling in Greenland and the Northern Hemi 
sphere has been a characteristic of the climate 
system over at least the past 800,000 years. 
Again using methane as a proxy for Green. 
land's temperature patterns, it can beshown 
that on millennial timescales carbon dioxide 
concentrations rose during times when Green- 
land was cold. At the same time, Antaretica 
‘warmed’. This pattern has been attributed to 
the effect of changes in ocean circulation on the 
carbon cycle and climate". Lathi etal.‘ identify 
‘examples of this kind of variability in iceas old 
«as 750,000 to 780,000 years, another indica~ 
tion that these millennial patterns pervade the 
palaeoclimate record 
‘These new benchmark data" for green- 
house-gas variability pose questions as to 
‘what a much longer record might show. One 
such question is whether the 400,000-300,000- 
year cycle speculated on by Lithi et al."isa real 
effect. Another is whether the 100,000-year 
cycles in carbon dioxide and methane, now 
so clearly established, give way to 40,000-year 
cycles before about 900,000 years ago: such 
behaviour might be predicted by compari- 
son with climate reconstructions from ocean 
sediments" If that is the case, what caused 


‘The carbon dioxide and methane trends from the past 2,000 years!" 


the shift? Was ita reduction in mean cdincen= 
trations of greenhouse gases 900,000 years 
ago? This commonly cited:theory'” itjust 
one of many competing hypotheses. 

The international community of ice-core 
scientists, under the auspices of the umbrella 


group IPICS (International Partners in Ice Core 
Sciences), has set itself the immediate target 
of establishing a continuous 1.5-million-year 
record to attempt to answer these questions, 
The search for the right sites is beginning, 
and is likely to take several years. The best 
places are undoubtedly in eastern Antarctica, 
‘most probably in remote, high regions where 
‘snowfall rates and temperatures are extremely 
low. Meeting the challenge of drilling those 
cores should open up a further window on 
‘goings-on in the greenhouse. . 
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SIGNAL TRANSDUCTION 


The rhodopsin story continued 


Gebhard F. X)Schertler 


Determination of the architecture of an invertebrate photoreceptor prot 
isa notable event. It illuminates the mechanism of 


squid rhodop: 


invertebrate vision and a ubiquitous intracellular signalling system. 


Many invertebrates have excellent visual 
systems!. Squid, for example, are formidable 
hunters that rely on their acute visual abilities 
to catch their prey. As in vertebrates, the prop: 
erties of the photoreceptor protein rhodopsin 
contribute significantly to those abilities. So 
cone reason for the attention that will be paid to 
the paper on page 363 of this issue", in which 
Murakami and Kouyama present a high- 
resolution crystal structure of rhodopsin from 
the squid retina, is that it will help in under- 
standing invertebrate vision. But the paper's 
significance extends far beyond that. 
Rhodopsin is located in the cell membrane 
of photoreceptor cells. When activated by light, 
it undergoes a conformational change that 
triggers the action of a heterotrimeric GTP- 
binding protein (G protein) lying just beneath 
the cell membrane. Rhodopsin, therefore, isa 
member of the superfamily of G-protein-cou- 
pled receptors (GPCRs), all of which contain 
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seven structural domains that each span the 
membrane. However, invertebrate rhodopsin 
signals through the a-subunit of a G, type of 
G protein (rather than transducin, the 
‘a-subunit for vertebrate rhodopsin), leading to 
activation of phospholipase C and eventually 
the opening of a calcium channel (rather than 
activation of cyclic GMP phosphodiesterase, 
leading eventually to closing of a cation 
channel, which occurs in vertebrates’). 

In other words, Murakami and Kouyama* 
are the first to determine the structure of a 
G coupled GPCR. The wider significance of 
the paper is that many hormone and neuro- 
transmitter receptors signal through Gy, 
including vasopressin and oxytocin receptors 
aswell as serotonin and acetylcholine receptors 
in the brain. And many drugs, such as anti- 
hhistamines and angiotensin antagonists, target 
G,-coupled receptors. 

“The functional unit of squid rhodopsin 
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consists of a light-sensitive chromo- 
phore, retinal, covalently bound to an 
evolutionarily conserved lysineamino- 
acid residue in helix VII of the opsin 
protein. This covalent bond between a 
carbon atom from the aldehyde group 
of retinal and a nitrogen atom from the 
amino group ofthe side chain of lysine 
is called a Schiff base. The protonated 
nitrogen atom of this bond is thought 
torequirea negatively charged counter- 
ion’ for itto be neutralized. 
Activation of rhodopsin works in 
the following way. Retinal hasa double 
bond in its carbon chain thats isomer- 
ized upon absorption of light, This 
light-induced isomerization ofthe car- 
bon chain from a kinked to astraight- 
ened form leads to a conformational 
change of the entire protein, triggering 
exchange of GDP for GTP in the Gy 
‘-subunit, The GTP-bound form then 
activates phospholipase C, leading to 
the formation of inositol phosphates, 
membrane-bound diacylglycerol and 
polyunsaturated fatty acids’. Further 
events, which are not completely under: 
stood, lead to the opening ofa calcium 


Figure 1) The architecture of squid rhodopsin, as determined by 
‘Murakami and Kouyama*. ‘The main feature of this G-protein= 
coupled receptor, as of all members of this superfamily of proteins, 
{sits seven transmembrane domains, in which the polypeptide 
chain is organized into helices that cross the membrane, Of 

these, helices V and VI protrude particularly deeply into the 
cytoplasm of the squid photoreceptor cell, with anjadditional 


As a consequence, retinal may be 
isomerized back to its original form 
within the photoreceptor to regen: 
erate the ground state and reset the 
sensory system. 

Several other features of the struc- 
ture® merit comment. For example, an 
interhelical cavity containing several 
ordered water molecules occurs in a 
similar position in squid and bovine 
rhodopsin, as well as in vertebrate 
B-adrenergic receptors", which also 
belong to the GPCR family. This water 
cluster may contribute to the activation 
‘mechanism by affecting the transmission 
ofthe conformational changes triggered 
by retinal isomerization to the G- 
protein-binding cytoplasmic surface’. 

‘The arrangement of the helices, as 
‘well as the charged side chains of heli 
€es Vand IX on the cytoplasmic side, 
‘may provide a binding surface for the 
carboxy terminus of the G, a-subunit. 
In addition, the extended helices V and 
Vi indicate that G, might bind next 
to these helices and not on top of the 
helical dome structure, This isa novel 
constraint for models of G-protein 


channel and the generation of nerve 
impulses that carry the relevant visual 
information to the brain, 

Invertebrate rhodopsins are larger 
than vertebrate rhodopsins as they 
have an extension in the carboxy-ter 
minal part ofthe protetn that lieson the 
cytoplasmic side of the membrane and 
may contribute to photoreceptor orga 
nization in the retina’, This extension 
does not affect G-protein activation, 
so Murakami and Kouyama’ removed part of 
itto obtain three-dimensional crystals of the 
transmembrane domains. This transmembrane 
‘core was extracted from isolated photoreceptor. 
‘membranes and crystallized’, the high-reso- 
lution structure being determined by X-ray 
crystallography. From the arrangement of the 
light-absorbing chromophore within the crystal 
packing, the authors propose a detection mechs 
anism for linear polarized light on the principle 
that it is similar to the in vivo arrangement of 
the chromophore in the squid retina. 

‘The core of squid rhodopsin consists of two 
cytoplasmic helices as well as seven transmem_- 
brane domains (Fig, 1). The crystal structure™ 
shows that the arrangement of helices to VIIL 
is similar to that of the thodopsins isolated from 
frogs and cattle, so the overall three-dimen- 
sional structure of the protein is very similar in 
vertebratesand invertebrates. Buthelices V and 
Vi of squid rhodopsin protrude 25 A farther 
into the cytoplasm from the membrane surface, 
with an additional helix IX contributing to the 
cytoplasmic part of rhodopsin. The extended 
helices V and VI, together with helix IX, explain 
the additional electron density on the cytoplas- 
‘mic surface that was found in an electron-den- 
sity map of two-dimensional crystals of squid 


bindis 


helix IX contributing to the cytoplasabie domain of the receptor. 
Presumably, itis these features that determine the nature of G, 

and activation ofthe signalling cascade. The light-sensitive 
chromophore retinal (red) is covalently linked to a nitrogen atom 
(blue) ofa lysine residue in helix VII (not labelled). A tyrosine and 
a glutamate residue are located elose to this protonated nitrogen 
atom. A tryptophan residue indirect contact with retinal, as well as 
an internal cluster of water molecules (light blue), may be involved 
in transmitting the conformational change from the receptor’s 
{transmembrane core to the cytoplasmic surface. 


thodopsin'/ However, the architecture of this 
helical dome-like structure is entirely new and 
ould nothave been predicted. 

Murakami and Koyama’ structure reveals 
that the amino-acid residues in contact with 
retinal, and the orientation of retinal within 
the protein, are different from those in verte- 
brate rhodopsins. Retinal is in aless distorted 
configuration in squid rhodopsin. The binding 
pocket for it is particularly interesting, because 
the side chain ofa glutamate residue proposed 
previously to provide the counterion to the 
positively charged nitrogen atom that provides 
the covalent bond to retinal isnot close enough 
to the nitrogen atom to actin this way. 

‘This finding has implications for the tun- 
ing of the light-absorption maximum and the 
mechanism of re-isomerization that returns 
shodopsin to its original conformation. In 
this conformation, which rhodopsin assumes 
in the dark, the side chain of a tyrosine resi- 
due that replaces the glutamate counterion 
of bovine rhodopsin is close to the positively 
charged nitrogen on rhodopsin’s lysine side 
chain but remains uncharged during photoac- 
tivation. This could partly explain why the 
covalently bound retinal is not released from 
the lysine side chain after photoisomerization. 
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receptor complexes in general, given 
the expected structural conservation of 
the activation mechanism. The unex 

pected architecture ofthis cytoplasmic 
surface will attract much attention. 
‘The arrangement of the helices in this 
domain could be used to model the 
receptor interaction with G proteins, as 
‘well as for designing drugs that inter: 

fere with G-protein binding, 

Finally, Murakami and Kouyama’s 
structure” will be particularly helpful for those 
investigating the action of human melanopsin, 
which — on the basis of sequence similarity 
— is more closely related to invertebrate than 
to vertebrate rhodopsin, Melanopsin is the pho: 
toreceptor that is required for setting our bio: 
logical clock and for the pupillary reflex", and 
so the structure of squid rhodopsin, in provid- 
ing the best template to date for understanding 
this protein, is ofconsiderable interest, 
Gebhard F.X. chertlerisin the MRC Laboratory 
‘of Molecular Biology, Cambridge CB2 OQH, UK. 
ie ghx@mrc-Imb.cam.ac.uk 
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QUANTUM INFORMATION 


Anintegrated light circuit 


Paul G. Kwiat 


There's a long wish list for a workable quantum computer: a viable system 
must be fast, compact and stable. The first integrated optical quantum logic 


circuits area step in the right 


Systems that use photons are one of several 
candidates for making a working quantum 
computer, One challenge (there are many) is 
to move beyond the current bulky experiments 
that involve just a few photons to the kind of 
stable, miniaturized circuits with very many 
logic gates that lie at the heart of conventional, 
classical computers. Writing in Science, Politi 
et al.' report how they have used integeated 
‘optics for the first time to demonstrate several 
primitive functions of quantum logic. 

Quite generally, the promise of quantum 
computing les in making use of the ‘parallel 
ism’ and ‘connectedness’ of quantum-mechani 
cal phenomena such as superposition (that, 
‘objects can be in many states at once) and 
entanglement (that the properties of two 
objects can be tied to one another, despite 
being separated in space). These features can be 
used to solve information: processing tasks that 
would be impossible, or atleast very difficult, 
for processors denied these quantum advan 
tages’. Instances include problems related 
to factoring large numbers into their prime 
constituents (think 21 = 3 x 7, writ large); 
efficiently searching an unsorted database; and 
even hard problems in quantum mechanics. 
This last application might well end up being 
the most important of all, helping to form a 
robust framework for understanding future 
problems in science and technology. 

How can quantum computers achieve such 
feats? Ata basic level, every quantum proces: 
sor is essentially a complex, interwoven webs 
of nested interferometers in actual physical 
space (for optical approaches) oF in some 
abstract space. An optical interferometer is 
made of mirrors and partially reflective, pa 
tially transmissive elements known as beam 
splitters. These are arranged into an optical 
obstacle course that an incident photon can 
traverse in two or more ways. 

This multiplicity of paths (very) loosely cor 
responds to the parallel operation of a com 
puter algorithm. By arranging elements in a 
certain way, one can construct logic gates for 
single quantum bits (qubits), preparing them 
in arbitrary superpositions ofthe logical 0 and 
1. Other arrangements can entangle two qubits, 
so that the state of one isaltered by the state of 
the other’ (Fig. 1a), 

‘To understand where Politi and colleagues 
achievement fits in, we need first to consider 
classical interference effects. We see these, for 
example, in light reflecting off a puddle with 
oil in it. The colours we see depend on the 
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direction in which we are looking, and in the 
details ofthe oil-water non-mixture (the effect 
depends on the varying thickness of the thin 
oil film lying on top of the water). This kind 
of swirling, shifting pattern is exactly what we 
don't want fora reliable computer. Experiments 
on quantum computing thus far have done a 
tolerably good job of controlling the analogous 
instability, and thus realizing basic quantum, 
operation 

State-of-the-art processors for optical quan“ 
tum computing currently use just six photonic 
gubits”. Butthe large-scale quantum algorithms 
of the sort we dream of running some day 
(or, atleast, I dream of running) will require 
hundreds or thousands of stable, intercon- 
nected interferometers and low-loss, high 
performance components. There are ways of 
correcting quantum-compatational errors as 
they arise", but if they are to work properly, 
they require a high base-level of performance 
that would be nearly impossible to achieve on 
such a large scale, And.quite apart from ques: 
tions of reliability, there are also questions of 
speed and bulk. Justaswe couldn'timagine run: 
‘ning a moderficomputer application on an old: 
school processor that uses vacuum tubes — it 
‘would bé fartoo bulky and slow — the complex, 
scaled-up quantum computer of tomorrow will 
require amore integrated approach”. 

Enter Politi and colleagues with their first 
stabyat quantum-logic operations in an (opti 
cal) integrated circuit (Fig. 1b). They succeed 
in replacing the bulky mirrors and protracted 
path lengths of traditional experiments by 
micrometre-scale optical waveguides — pipes 
for light — fabricated into a silicon wafer. 
Much as fibre-optic cables guide light in mod. 
ern telecommunications applications, these 
waveguides direct the photons along their 
desired trajectories — rather like an irrigation 
system to deliver photons where and when you 
need them. 

Such integrated optical circuits are smaller 
and cheaper than bulk-optic systems (or at 
least they will be once we have settled on an 
optimized design and fabrication). They are 
also inherently more stable; temperature vari 
ations that could alter the finely balanced path 
lengths in particular areas of a chip tend to 
cancel out. Inaddition, once in the waveguides, 
photons tend to go only where they should, so 
there are no optical paths to align, as there 
are in conventional optics. Politi et al. demon: 
strate high-quality classical and quantum 
interference with their system, as well as basic 
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Figure Light circuits. a, Ths circuit represents 
‘abasic two-qubit quantum logic gate. Blue 
beam splitters reflect 50% of the incident light, 
green beam splitters 38% In this configuration, 
‘4 combination of quantum and classical 
interference fips the target qubit states 0 and 1 if 
the control qubit isa 1. b, Politi and colleagues’ 
1 implementation’ of this scheme as 
integrated optical circuit uses silica-on-silicon 
waveguides. €, A bulk-optics implementation of 
«circu of similar complesity involves various 
sirrors, beam spliters and fibre inputs the 
result is considerably bigger and les table 


one- and two-qubit logic, and entanglement 
with better than 92% fidelity, Their results are 
both a significant and a necessary step towards 
optical quantum computing, 

Lest the reader gain an unhealthily rosy per: 
spective, significant challenges must still be 
faced. There is much less opportunity to adjust 
these integrated circuits once they are fabri 
cated — there is nothing to be twiddled with, 
unlike in conventional optical systems (Fig. le) 
— and so their design must be optimized very 
carefully. In addition, low-loss interconnects 
area must: at present, the efficiency with which 
light is injected into and extracted from the 
circuit is 60%. That is good, but not great, and 
low enough to make the 99% transmission rate 
inside the device significantly less meaningful 

Outside the integrated circuit, other compo- 
nentsalso require work before we can achieve 
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large-scale quantum computing using light. 
Fora start, we need high-quality, on-demand 
sources of single and entangled photons, along 
with a low-loss device in which to store them, 
Then we need photon detectors of very high 
efficiency (so much the better ifthey can actu 
ally count the number of incident photons), 
All of these problems are currently being 
attacked by various research efforts around the 
world. Stay tuned for more big news from tiny 
eircuits, . 
Paul G. Kwiatisin the Department of 

Physics, University of linots at Urbana- 
Champaign, 1110 West Green Street, 


Urbana, illinois 61801, USA. 
e-mail: kwiat@uiucedu 
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TUBERCULOSIS. 


Deadly combination 


Stefan H. E. Kaufmann 


Many factors affect the severity of tuberculosis in infected individuals. 
Among these are the genetic make-up of the bacterial strain, that of the 
host, and the interplay between the two. 


A quick scan through this article might take 
five minutes of your time, During this period, 
16 people will have died of tuberculosis, 80 will 
have fallen ill with it, and an astounding 800 


will have become infected with the disease 
causing pathogen Mycobacterium tuberculosis 
Yet, with only 1 in 10 of those infected devel 
oping tuberculosis in their lifetime, clearly 
most humans control the infection effectively 
It is well known that resistance to tuberculo: 


sis depends on complex interactions among, 
the host, the bacterium and the environment 
or culture, But the relative contributions of 
these factors, and the relationship between 
them, remain unclear. Work by Caws and 
colleagues’, published in PLoS Pathogens, is « 
first attempt at revealing the genetic contribs 
tion to interspecies communication between 
M. tuberculosis and its human host 
When bacteria reach human lungs borne 
by tiny droplets from a cough or sneeze — they 
ngulfed and destroyed by the 


are usually 
macrophage cells of the immune system. But 
M. tuberculosis has developed mechanisms to 
survive these assaults 

Detection of this pathogen by the pattern 
recognition receptor TLR-2 on the surface of 
macrophages (Fig. 1) inducesa signalling cas 
cade mediated by the TLR-2 adaptor protein 
TIRAP, Total activation of these primed macro- 
phages is effected by soluble immune media 
tors, particularly IN-y, which is secreted by 
white blood cells known as T cells”. Fully acti 
vated macrophages fail to eradicate M. tubercu: 
losis, but restrict its growth. Consequently, the 
infected individual develops latent tuberculosis, 
remaining healthy while harbouring dormant 
bacteria, 

Unfortunately, the pathogens can be resus: 


citated if the i 
leading 


mune response diminishes, 
pulmonary tuberculosis — the form 
¢ that is confined to thé lung and 
80% of cases. When the bacteria 


ofthe dise 


reach the bronchial tree during active disease 
the host bec 
infiltrate the bloodstr 


mes Contagious. And once they 


wm they can be dispersed 
to other organs, Meningeal tuberculosis, which 
affects thebrain, isthe most common (forming 
Lup to 30% of allcases) and the most hazardous 
fornm/of extrapulmonary disease 

As early athe nineteenth century, it was 
assumied that genetic disposition contributes 
to the host's susceptibility to tuberculosis, but 


only recently were several culprit genes iden 
tified. These genes can be divided into two 
groups according to whether they contribute 
to acquited or innate immunity. Mutations in 
genes involved in acquired immunity, such as, 
the IFN-y-mediated signalling pathways’, are 
relatively rare but invariably lead to mycobacte 
usually early in life. 
Genes modulating innate immunity operate 


rial disease on infection 


more subtly, through natural genetic variations 
(polymorphisms), in both a synergistic and 
an antagonistic way, Examples of such genes 
include those encoding TLR-2 and TIRAP. 
Polymorphisms are also rife among the 
different strains of M, tuberculosis, Different 


lineages of this bacterium exist that may have 


co-evolved in close relationship with a specific 
hostpopulation’. Also, separate bacterial fami 
lies have developed within lineages, The Beijing 


family of the East Asian lin 


-age, notorious for 
causing multidrug-resistant tuberculosis and 
spreading globally, is a noteworthy example 
Caws et al.’ analysed polymorphisms 
both in Vietnamese adults with pulmonary 
or meningeal tuberculosis and in M. tuber: 
culosis strains isolated from these patients. 
Their observations are consistent with most, 
although not all, previous work linking’ 
polymorphisms in TLR-2/TIRAP with sus 
ceptibility to tuberculosis within the same and 
different ethnic groups in West Africa and Tur 
key. They report a close relationship between 
polymorphisms in the gene encoding TLR-2 
and susceptibility to infection with the Beijing 
strain of bacterium, One particular TLR-2 
polymorphism probably fails to mediate the full 
priming of macrophages, rendering individu 
als carrying it more susceptible to infection. 
The combination of a defective TLR-2 response 
and infection with the virulent Beijing strain 
is especially problematic, as it may increase 
the risk of extrapulmonary dissemination and 


Figure 1) Host and pathogen. On reaching the host’ lungs, cells of Mycobacterium tuberculosis (orange) 
bind to the TLR-2 receptor on the surface of a macrophage (green). Caws eal” speculate that polymorphisms 
both in the host genes those encoding TLR-2 and its adaptor protein TIRAP) and in bacterial virulence 
factors (PGLand the DosR complex) affect the severity of tuberculosis. (Scale bar, wm.) 
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large-scale quantum computing using light. 
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Paul G. Kwiatisin the Department of 

Physics, University of linots at Urbana- 
Champaign, 1110 West Green Street, 


Urbana, illinois 61801, USA. 
e-mail: kwiat@uiucedu 
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TUBERCULOSIS. 


Deadly combination 


Stefan H. E. Kaufmann 
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severe meningeal tuberculosis. By contrast, 
‘Caws tal. report that the Euro-American lin- 
eage of M. tuberculosis mainly induces the less 
complicated pulmonary tuberculosis. 

‘The Beijing strainsalso seem to have evolved 
additional virulence mechanisms to induce 
meningeal tuberculosis. These strains produce 
abundant phenolic glycolipids, which suppress 
innate immune responses". Also, the activity 
of their DosR protein complex is increased. 
‘This complex regulates the expression of some 
50 genes involved in facilitating the persistence 
of M. tuberculosis under conditions of stress" 
— yet another survival factor enabling Beijing 
strains to resist the hostile milieu of activated 
macrophages. Thus, infection ofa person who 
has an impaired TLR-2/TIRAP signalling sys: 
tem (through polymorphisms in genes encod 
ing these proteins) with a more virulent strain 
of M. tuberculosis such as the Beijing strains 
(resulting from polymorphisms that lead to 
better chances of bacterial survival) could be 
adeadly combination. 

Does the improved survival of the Beijing 
strains mean they are more likely to lead 
to meningeal tuberculosis? The number of 
subjects Caws ef al. examined was too small 
to provide any conclusive evidence, but other 
studies have indicated an association between 
members of this family of bacteria and 
extrapulmonary tuberculosis", Future stud. 
ies of larger subject groups should unequivo: 
cally clarify the interrelationship between 
'M. tuberculosis, host genotypes and the disease 
characteristi 

Many years after the discovery of the first 
antituberculosis drug streptomycin, and despite 
the availability of a childhood vaccine for the 
disease, M. tuberculosis is once again emerg. 
ingas.a deadly pathogen across the world. The 
dangerous liaison between AIDS and tubercu- 
losis continues, and incidences of multidrug, 
resistant, and even extensively drug-resistant, 
tuberculosis are on the rise, The pipeline for 
new tuberculosis drugs is dry, and there is no: 
sign that a vaccine for adult tuberculosis will 
be available for at least a decade, 

Itisto be hoped, therefore, that studle8such 
as those of Caws et al will further elucidate 
the multigenic interplay between humans and 
M. tuberculosis, Research will be aimed at deci 
phering the unknown factors underlying the 
transmission of M. tuberculosis from a patient 
with active tuberculosis to an uninfected 
individual. The development of new tech- 
nologies enabling large-scale genetic screens 
is certainly timely. Perhaps differential gene 
expression will be found to contribute to both 
pathogen virulence and human susceptibility 
Cortelational studies of gene expression with 
analysis of functional gene products may pro- 
vvide definitive answers. Such studies will help 
to identify new drug targets and biomarkers. 
Stefan. €. Kaufmann at the Max Planck institute 
{or infection Biology, Department of Immunology, 
‘Charitéplatz 1,D-10117 Berlin, Germany. 

‘e-mail: kautmannaimpiib-berlin mpg de 
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CLIMATE CHANGE 


Attributing cause and effect 


Francis Zwiers and Gabriele Heger! 


The climate is changing, and so are aspects of the world’s physical and 
biological systems. It is no easy matter to link cause and effect — the latest 
attack on the problem brings the power of meta-analysis to bear. 


The article by Rosenzweig and colleagues’ 
that appears on page 353 of this issue is the 
first to formally link observed global changes 
{in physical and biological systems to human- 
induced climate change, predominantly from 
increasing greenhouse gases. By surveying a 
bhuge literature, Rosenzweig etal. demonstrate 
that changes in physical and biologicallsystems 
are pervasive; that these impacts lie mainly in 
directions consistent with warming of the 
climate system; and that, atleast partly, they 
are likely to be the result of climate change 
caused by increasing concentrations of 
greenhouse gases. 

‘The authors make the\case using what is 
knownas the ‘jointattribution' approach”. They 
first show that the observed correspondence 
between impacts and warming would be very 
unlikely to occur if patterns of temperature 
change were the result of natural climate vari 
ability. They then argue that human influence 
hhasarole because observed large-scale climate 
chanige €an be attributed to human influence 
fon the climate system’. 

‘These points emerge from Rosenzweig and 
‘colleagues’ meta-analysis ofthe large literature 
fon impacts, which involved synthesizing the 
results from studies of diverse types of sys- 
tem. This is probably the only available way 
of broadly linking impacts to climate change 
at global scales. Nevertheless, its very flexibil: 
ity and comprehensiveness also impose limi- 
tations. For example, it would be difficult to 
(quantify the climate-impact link with such an 
analysis, for two reasons. 

The first is that the approach involves aggre- 
gation of results from vastly different types of, 
system, both biological and physical (Fig. 1) 
The second is that only binary indicators of 
impacts are considered — that is, whether a 
given impact was consistent, or inconsistent, 
with warming. The link between these binary 
indicators and climate change is assessed by 
‘means ofa technique involving a ‘spatial pat- 
tern congruence’ statistic, which assumes 
that the effects of local climate change occur 
locally. This measure will not fully capture 
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conneetions where biological impacts result 
from remote climate changes, seasonal changes 
‘or changes in temperature extremes, So the 
pattern of impacts does not correlate perfectly 
with that of annual mean warming (see Fig. 2 
of the paper’ on page 355). 

‘One of the challenges in thiskind of research, 
arises from the limitations of available data, 
Uncertainties result from limited and irregular 
‘sampling in space (impacts have been studied 
much more intensively in some regions, par- 
ticularly Europe, than in others), and from the 
short time span of many data sets. The records 
mined by Rosenzweig etal. were primarily for 
the period 1970 to 2004, with the rule that at 
least 20 years of data were available. This is 
much shorter than the 50-year and sometimes 
10-year data sets typically considered in stud- 
ies detecting and attributing change in basic 
climate variables such as temperature’, surface 
pressure” and precipitation”. Such long data 
sets are of course few and far between, par- 
ticularly for effects of climate change. But the 
shortness of the records used in this research' 
lessens the authors’ ability to put changes in 
the context of previously observed variations, 
reducing the confidence in the results com- 
pared with those based on observations made 
over periods of a century or longer”. 

‘That said, Rosenzweig and colleagues’ 
analysis largely overcomes sampling limita- 
tions because of the sheer number of changes 
reported. Their synthesis is innovative and 
pushes detection-and-attribution research into 
a much broader domain than it has previously 
‘occupied. tisalso astep along the road towards 
‘understanding how, and by how much, anthro- 
pogenic factors cause the observed impact 

To estimate the size of the anthropogenic 
contribution, it will ultimately be necessary to 
undertake direct attribution of causes of change 
in affected systems, rather than using two-step 
joint attribution, in which some aspect of 
change in the climate system is irs attributed to 
an external influence, and alteration in a physi- 
calor biological system is subsequently attrib- 
uted to climate change. Direct attribution would 
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Itisto be hoped, therefore, that studle8such 
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the multigenic interplay between humans and 
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phering the unknown factors underlying the 
transmission of M. tuberculosis from a patient 
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individual. The development of new tech- 
nologies enabling large-scale genetic screens 
is certainly timely. Perhaps differential gene 
expression will be found to contribute to both 
pathogen virulence and human susceptibility 
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analysis of functional gene products may pro- 
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Figure 1| Going through the changes. The literature sampled by Rosenzweig et 


{of phenomena in a diversity of biological and phy 


5 harvests, and of spring flowering and bird migration; and variation in the freeze-thaw pattera i 


require an ‘end-to-end modelling system that 
§ includes explicit representations of all of the 
2 main processes (climatic and non-climatic) 
j that contribute to the variability of the system 
= under study, and can simulate the response to 
# greenhouse-gas increases as well as other fac 
tors that can cause changes in the observed 
impact. Such a tool can then be used to estimate 
how different external influences contribute 
to observed changes in systems relative to 
each other, much as models of the climate 
system are used to study the relative contribu 
tions of greenhouse gases, aerosols and natural 
climate variability to observed changes in 
surface air temperature and other basic 
climate variables’, Few such modelling systems 
are available, in part due to the difficulty of 
representing the relevant processes within 
climate models. 

Likewise, only a few end-to-end attribution 
studies have been carried out". They are lim: 
ited to cases where the affected system and its 
interaction with climate are either relatively 
well understood” or reasonably described 
empirically". We need more of them. End-to- 
end studies will help in interpreting the results 
ofless direct approaches to attribution, Moreo- 
ver, they can also be used to evaluate and adjust 
projections of future impacts based on changes 
that have already been observed; that will be 
essential in formulating strategies to adapt to 
the consequences of climate change, and to 
assess their uncertainties, much as has been 
done with projections of future temperature 
change”. The ultimate goal is to provide proba. 
bilistic projections of future effects — that is, 
estimates ofthe probability that some outcome 
will or will not occur — and soallow decisions 


NEWS & VIEWS 


in analysing the possible impacts of climate change covered a diversity, 


al systems. Examples are perturbation of polar bear behaviour; timing of peak stream flow, of grape 


about adaptive measurés to Be based on a 
firmer footing. . 
Francis Zwiersis in the Climate Research 
Division, Environment Canada, 4905 Dutferin 
Street, Toronto, Ontatio M3H ST4, Canada. 
Gabriele Hegerlisin the School of Geosciences, 
University of Edinburgh, Edinburgh EH9 3)W, UK. 
e-mails: rafcis 2wiets@ ec.gc.ca; 
gabihegeri@ed.acuk 
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SOLID-STATE PHYSICS 


Polaritronics in view 


Benoit Deveaud-Plédran 


Polaritons are an odd cross-breed of a particle, half-matter, half-light. They 
could offer an abundant crop of new and improved optoelectronic devices 


—a promise already being fulfilled. 


When I first encountered the idea of a polari 
ton, while reading the doctoral work of John 
Hopfield’, its beauty stunned me. These mixed 
‘quasiparticles’ are produced in semiconductor 
materials when the pairing of an electron and 
its phantom, a hole (this combination in itself 
2 quasiparticle known as an exciton), couples 
with the photons of alight field. The result is 
something that is part matter, part light, and 
inherits qualities of both. Yet for all that they 
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are useful for those who wish to get to grips 
with the optical properties of semiconductors, 
Talways had a feeling that polaritons were not 
actually ‘real! I never expected that they would. 
make their way out of the laboratory; still 
less that they would ever have any practical 
application, 

History is proving mewrong. On page 372 of 
this issue, Tsintzos et al.” detail the latest stage 
of the long march of polaritons to warkaday 
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climate models. 

Likewise, only a few end-to-end attribution 
studies have been carried out". They are lim: 
ited to cases where the affected system and its 
interaction with climate are either relatively 
well understood” or reasonably described 
empirically". We need more of them. End-to- 
end studies will help in interpreting the results 
ofless direct approaches to attribution, Moreo- 
ver, they can also be used to evaluate and adjust 
projections of future impacts based on changes 
that have already been observed; that will be 
essential in formulating strategies to adapt to 
the consequences of climate change, and to 
assess their uncertainties, much as has been 
done with projections of future temperature 
change”. The ultimate goal is to provide proba. 
bilistic projections of future effects — that is, 
estimates ofthe probability that some outcome 
will or will not occur — and soallow decisions 
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in analysing the possible impacts of climate change covered a diversity, 


al systems. Examples are perturbation of polar bear behaviour; timing of peak stream flow, of grape 


about adaptive measurés to Be based on a 
firmer footing. . 
Francis Zwiersis in the Climate Research 
Division, Environment Canada, 4905 Dutferin 
Street, Toronto, Ontatio M3H ST4, Canada. 
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e-mails: rafcis 2wiets@ ec.gc.ca; 
gabihegeri@ed.acuk 


fosenrwein Cet 
Rojenzwerg Cot 
(Cambridge 
1 Hage, GC 


ture 453, 353-357 (2008) 


sda, in kill stocks and in glacier ‘wastage. 


Science Bass (eds Soloman, Dt) 63-745 


2074 (2000) 
(2007) 
320, 518-520 


Parke. £. Lega TP.4 Foland, C.K tt. 1 Clin. 2, 
haus T, Lterbaches 1. eannece F Piste C.5 
Wanner Geophys Rex 12,G040¥6 (2007) 
9, Stone. & Alen MR Clit: Change 303-318 (2005), 
TP eto Science 319, 1080-1083 ( 
31 Li82T i101029/200461020876 


Change 2007 The Physical 
ran S,. ot) 747-84, 


SOLID-STATE PHYSICS 


Polaritronics in view 


Benoit Deveaud-Plédran 


Polaritons are an odd cross-breed of a particle, half-matter, half-light. They 
could offer an abundant crop of new and improved optoelectronic devices 


—a promise already being fulfilled. 


When I first encountered the idea of a polari 
ton, while reading the doctoral work of John 
Hopfield’, its beauty stunned me. These mixed 
‘quasiparticles’ are produced in semiconductor 
materials when the pairing of an electron and 
its phantom, a hole (this combination in itself 
2 quasiparticle known as an exciton), couples 
with the photons of alight field. The result is 
something that is part matter, part light, and 
inherits qualities of both. Yet for all that they 
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are useful for those who wish to get to grips 
with the optical properties of semiconductors, 
Talways had a feeling that polaritons were not 
actually ‘real! I never expected that they would. 
make their way out of the laboratory; still 
less that they would ever have any practical 
application, 

History is proving mewrong. On page 372 of 
this issue, Tsintzos et al.” detail the latest stage 
of the long march of polaritons to warkaday 
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respectability. They describe how they have 
produced a gallium arsenide diode that emits 
light directly from polariton states when they 
break up, at temperatures of up to 235 kelvin — 
just 60 kelvin or so below room temperature. 

‘This breakthrough is significant, as my ini- 
tial reservations about polaritons were founded 
largely on the fact that they can be stable only at 
very low temperatures and densities — under 
normal conditions, they tend to disintegrate, 
transforming themselves spontaneously into 
run-of-the-mill photons. In a semicondue: 
tor laser, or ina light-emitting diode (LED), 
temperature and density are both high. Light 
amplification and emission in these contexts 
are driven not by polariton interactions, but 
by the behaviour ofan electron-hole plasma 
driven by the current flowing through the 
diode. It isa simple and robust mode of opera 
tion that has remained essentially unaltered in 
the near-50-year history of such devices, even 
in the newest vertical-cavity surface-emit 
ting lasers (VCSELs). Over the years, the only 
factors that have changed are that the size of 
devices has decreased, and their efficiency has 
improved. 

‘This story took a new twist in 1991, when 
«new type of polariton, the cavity polariton', 
«came to light, These quasiparticles arise when 
electrons nd holes, in the form of excitons, are 
confined by the changes in the chemical com- 
position of a substrate to a quantum energy 
well; simultaneously, photons are localized 
in the same region using two highly reflect: 
ing mirrors. In this way, stable polaritons can 
be produced. Stable is in this context relatives 
toa polariton, stability isa lifetime of more 
than 1 picosecond, a millionth of a millionth. 
ofasecond. 

More pertinently to the case in hand, stabil 
ity means that cavity polaritons with zero wave: 
vector — a quantity related to their momentum. 
— are naturally the energetic ground state of 
the cavity system. This ground state will emit 
light precisely perpendicular to the surface 
of the confining sample. Subsequent studies 
have attested that these cavity polaritons have 
quite a number of useful properties. First;they 
have large de Broglie wavelengths of around: 
1 micrometre, meaning that their quantum 
‘wavefunctions are large enough to be manipu- 
lated easily, making them appealing for appli- 
cationsin quantum optics. Second, they might 
be stable at room temperature, with obvious 
advantages. Finally, they are good boson: 
meaning that they can be paramettically amp! 
fied’ (that is, split up or joined together in u 
of different energy, a useful technique for signal 
amplification), and that many of them can pile 
up ina given quantum state, eventually leading 
to the formation of the state of matter known 
asa Bose-Einstein condensate”. 

A number of patents have been filed on the 
strength of these admirable qualities. These 
‘home in on possible uses for cavity polaritons 
in, for instance, single-photon emitters, lasers, 
light-emitting diodes, photodetectors and 


optical switches. But at least two questions 
need to be addressed before such applications 
become reality: whether polaritons can indeed 
be made to operate ata sensible temperature; 
and whether they can be activated directly by 
electrical means. 

Polaritons have already been confined in 
micrometre-sized cavities". Tsintz0s and col- 
leagues’ advance” builds on that, and fits in with 
a body of work” published in recent months. 
‘Two of these papers describe the construc 
tion of VCSEL-like cavities whose mirrors are 
of good enough quality to induce either elec- 
troluminescence’ or the emission of laser 
light*in the polariton-coupling regime. Both 
these experiments were performed at tempera- 
tures of around 10 kelvin. A third” details the 
realization of a polariton LED that works at up 
to 100 kelvin. 

‘The new polariton LED that operates at 
235 kelvin isthusa step further towards fulfill 
{ing the promise of room-temperature, electrie 
cally driven polariton devices. The nigh-on 
simultaneous advances in the field“ "on 


the back of the parametric amplification and 
Bose-Einstein condensation’ of cavity pola 
tons, represent in my view the first glimpses of 
a grand new vista — ofan expansive field that 
‘one might term 'polaritronics:Itshould not be 
long before real, practical device applications 
‘begin to fill that panorama. . 
Benoit Deveaud-Plédran isin the Laboratory of 
‘Quantum Optoelectronics, Ecole Polytechnique 
Fédérale de Lausanne, Station 3, 1015 Lausanne, 
Switzerland 
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PLANT BIOLOGY 


In their neighbour's shadow 


Jifi Friml and Michael Sauer 


They can’t move away from shade, so plants resort toa molecular solution 
to find a place in the sun. The action they take is quite radical, and involves 
a reprogramming of their development. 


To suryi¥e, Organisms must adapt to their ever 
changing environment. Animals rely mainly on 
behavioiiral adaptive responses such as fight 
ing or fleeing, But being stationary, plants must 
adjust their shape and metabolism accordingh 
Plant hormones play an essential part in these 
adaptive responses, affecting various phys 
logical and developmental processes. The 
hormone almost universally involved in plant 
adaptation is auxin. It exerts its effect at several 
developmental levels ranging from cell elonga- 
tion and formation of the embryonic axis to 
fruit ripening’. Reporting in Cell, two teams 
— Tao et al? and Stepanova et al’ — identify 
aan enzyme that catalyses the first step in the 
biosynthesis of auxin, a step that occurs in 
response to changes in both ambient light and 
another plant hormone, ethylene. 

A plant’s repertoire of developmental tricks 
is extraordinarily broad: permanent stem-cell 
populations ensure growth throughout li 
post-embryonic development allows new 
organs, such as leaves and flowers, to be gen- 
erated; and differential growth enables devel- 
oping plants to seek light, and roots to seek 
water. So even if plants have to compete — for 
example, for sunlight with their neighbours 
— they do so by modulating their own growth 
rather than by directly preventing that of 
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others, Indeed, a reduction in the quality of 
light causes shade-avoidance syndrome, a 
physiological response leading to stem elon: 
gation, fewer branches and earlier flowering. 
All of these processes are mediated by plant 
hormones, which, like animal hormones, do 
not necessarily actat the location at which they 
are synthesized. But unlike animals, plants 
lacka cardiovascular system, making effe 
distribution of hormones problematic. Conse- 
‘quently, the production of plant hormones is 
not as localized as that of their animal counter: 
parts, and their effect typically depends on the 
activation of several hormonal pathways and 
crosstalk between them. Individual hormonal 
pathways in plants have been generally well 
characterized ata molecular level, but research 
into hormone crosstalk isstill in its infancy. 
For auxin, spatial differences in its concen- 
tration (forming auxin gradients) are crucial 
for specific developmental responses'. Local 
manipulation of cellular auxin levels — for 
example, by applying auxin in droplets or by 
locally activating its synthesis — confirmed 
that an increase in the level of this hormone 
triggers developmental programmes. So a 
central question in plant biology is how auxin 
gradients are generated. There are several 
answers. One is that specialized auxin-transport 
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respectability. They describe how they have 
produced a gallium arsenide diode that emits 
light directly from polariton states when they 
break up, at temperatures of up to 235 kelvin — 
just 60 kelvin or so below room temperature. 

‘This breakthrough is significant, as my ini- 
tial reservations about polaritons were founded 
largely on the fact that they can be stable only at 
very low temperatures and densities — under 
normal conditions, they tend to disintegrate, 
transforming themselves spontaneously into 
run-of-the-mill photons. In a semicondue: 
tor laser, or ina light-emitting diode (LED), 
temperature and density are both high. Light 
amplification and emission in these contexts 
are driven not by polariton interactions, but 
by the behaviour ofan electron-hole plasma 
driven by the current flowing through the 
diode. It isa simple and robust mode of opera 
tion that has remained essentially unaltered in 
the near-50-year history of such devices, even 
in the newest vertical-cavity surface-emit 
ting lasers (VCSELs). Over the years, the only 
factors that have changed are that the size of 
devices has decreased, and their efficiency has 
improved. 

‘This story took a new twist in 1991, when 
«new type of polariton, the cavity polariton', 
«came to light, These quasiparticles arise when 
electrons nd holes, in the form of excitons, are 
confined by the changes in the chemical com- 
position of a substrate to a quantum energy 
well; simultaneously, photons are localized 
in the same region using two highly reflect: 
ing mirrors. In this way, stable polaritons can 
be produced. Stable is in this context relatives 
toa polariton, stability isa lifetime of more 
than 1 picosecond, a millionth of a millionth. 
ofasecond. 

More pertinently to the case in hand, stabil 
ity means that cavity polaritons with zero wave: 
vector — a quantity related to their momentum. 
— are naturally the energetic ground state of 
the cavity system. This ground state will emit 
light precisely perpendicular to the surface 
of the confining sample. Subsequent studies 
have attested that these cavity polaritons have 
quite a number of useful properties. First;they 
have large de Broglie wavelengths of around: 
1 micrometre, meaning that their quantum 
‘wavefunctions are large enough to be manipu- 
lated easily, making them appealing for appli- 
cationsin quantum optics. Second, they might 
be stable at room temperature, with obvious 
advantages. Finally, they are good boson: 
meaning that they can be paramettically amp! 
fied’ (that is, split up or joined together in u 
of different energy, a useful technique for signal 
amplification), and that many of them can pile 
up ina given quantum state, eventually leading 
to the formation of the state of matter known 
asa Bose-Einstein condensate”. 

A number of patents have been filed on the 
strength of these admirable qualities. These 
‘home in on possible uses for cavity polaritons 
in, for instance, single-photon emitters, lasers, 
light-emitting diodes, photodetectors and 


optical switches. But at least two questions 
need to be addressed before such applications 
become reality: whether polaritons can indeed 
be made to operate ata sensible temperature; 
and whether they can be activated directly by 
electrical means. 

Polaritons have already been confined in 
micrometre-sized cavities". Tsintz0s and col- 
leagues’ advance” builds on that, and fits in with 
a body of work” published in recent months. 
‘Two of these papers describe the construc 
tion of VCSEL-like cavities whose mirrors are 
of good enough quality to induce either elec- 
troluminescence’ or the emission of laser 
light*in the polariton-coupling regime. Both 
these experiments were performed at tempera- 
tures of around 10 kelvin. A third” details the 
realization of a polariton LED that works at up 
to 100 kelvin. 

‘The new polariton LED that operates at 
235 kelvin isthusa step further towards fulfill 
{ing the promise of room-temperature, electrie 
cally driven polariton devices. The nigh-on 
simultaneous advances in the field“ "on 


the back of the parametric amplification and 
Bose-Einstein condensation’ of cavity pola 
tons, represent in my view the first glimpses of 
a grand new vista — ofan expansive field that 
‘one might term 'polaritronics:Itshould not be 
long before real, practical device applications 
‘begin to fill that panorama. . 
Benoit Deveaud-Plédran isin the Laboratory of 
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In their neighbour's shadow 


Jifi Friml and Michael Sauer 


They can’t move away from shade, so plants resort toa molecular solution 
to find a place in the sun. The action they take is quite radical, and involves 
a reprogramming of their development. 


To suryi¥e, Organisms must adapt to their ever 
changing environment. Animals rely mainly on 
behavioiiral adaptive responses such as fight 
ing or fleeing, But being stationary, plants must 
adjust their shape and metabolism accordingh 
Plant hormones play an essential part in these 
adaptive responses, affecting various phys 
logical and developmental processes. The 
hormone almost universally involved in plant 
adaptation is auxin. It exerts its effect at several 
developmental levels ranging from cell elonga- 
tion and formation of the embryonic axis to 
fruit ripening’. Reporting in Cell, two teams 
— Tao et al? and Stepanova et al’ — identify 
aan enzyme that catalyses the first step in the 
biosynthesis of auxin, a step that occurs in 
response to changes in both ambient light and 
another plant hormone, ethylene. 

A plant’s repertoire of developmental tricks 
is extraordinarily broad: permanent stem-cell 
populations ensure growth throughout li 
post-embryonic development allows new 
organs, such as leaves and flowers, to be gen- 
erated; and differential growth enables devel- 
oping plants to seek light, and roots to seek 
water. So even if plants have to compete — for 
example, for sunlight with their neighbours 
— they do so by modulating their own growth 
rather than by directly preventing that of 
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others, Indeed, a reduction in the quality of 
light causes shade-avoidance syndrome, a 
physiological response leading to stem elon: 
gation, fewer branches and earlier flowering. 
All of these processes are mediated by plant 
hormones, which, like animal hormones, do 
not necessarily actat the location at which they 
are synthesized. But unlike animals, plants 
lacka cardiovascular system, making effe 
distribution of hormones problematic. Conse- 
‘quently, the production of plant hormones is 
not as localized as that of their animal counter: 
parts, and their effect typically depends on the 
activation of several hormonal pathways and 
crosstalk between them. Individual hormonal 
pathways in plants have been generally well 
characterized ata molecular level, but research 
into hormone crosstalk isstill in its infancy. 
For auxin, spatial differences in its concen- 
tration (forming auxin gradients) are crucial 
for specific developmental responses'. Local 
manipulation of cellular auxin levels — for 
example, by applying auxin in droplets or by 
locally activating its synthesis — confirmed 
that an increase in the level of this hormone 
triggers developmental programmes. So a 
central question in plant biology is how auxin 
gradients are generated. There are several 
answers. One is that specialized auxin-transport 
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Figure’ | Plant plasticity. ‘Two studies show that environmental cues (light quality) and internal 
signals (mediated by the hormone ethylene) can both modulate the auxin synthetic pathway that 
starts with the conversion of tryptophan to indole-3-pyruvic acid (IPA) in a reaction catalysed by the 


enzyme TAA1. TAAL dependent local synthesis of auxin, together with the resultant direct 


‘ransport, leads to auxin gradients that mediate specific adaptive developmental responses in the plant 


proteins mediate directional transport of the 
hormone, Asymmetric subcellular localization 
of these transporters ensures directional auxin 
movement between cells and can generate 
uneven auxin distribution’. Spatially restricted 
peaks in auxin levels can also be generated by 
local auxin biosynthesis’, although the bio: 

chemical pathways involved in this process 
are complex and remain poorly understood, 
Tao et al'and Stepanova et al.’ now identify 
‘an enzyme that is essential for local auxin 
biosynthesis and that markedly affects plant 
development. 

‘a0 and colleagues performed a genetic 
screen to identify mutations in the plant Arabi 

dlopsis thaliana that compromise shade-avoid: 

ance responses. They detected the TAA! gene, 
which when mutated prevents plant elongation 
under shady conditions. This mutant also has 
lower auxin levels and, in contrast to its nor- 

mal counterpart, does not produce more auxin 
when placed in shade. Supplying external auxin 
restores the shade-avoidance response in faa 
mutants, 

‘The authors’ elaborate biochémical and 
structural analyses of TAA1 convincingly 
show that this enzyme catalyses convetsion of 
the amino acid tryptophan to an auxin preeur 
sor, indole-3-pyruvic acid (Fig. 1). They also 
report that the expression of TAAL is localized, 
being predominantly confined to the leaf mar- 
gins, and that it increases under shady condi. 
tions. This finding isin line with the observed 
defects in shade-avoidance syndrome seen in 
taal mutants, 

In addition to confirming the role of TAA 
in auxin biosynthesis, Stepanova and col- 
leagues’ investigated the developmental rel 
evance of this enzyme. They find two related 
genes that partially compensate for the loss 
of TAAL function. But ifall three genes are 
inactive, the consequences are disastrous: 
triple mutants are severely defective even 
during embryonic development, failing to 
generate a root. Only in certain combinations 
of the three mutations do plants survive, but 


at all developmental stages they still show 
strong, auxin-deficiency-related characteris 
tics that are similar to the effect of mutationé 
in YUCCA genes. (YUCCA genes encode 
‘enzymes that are also implicated in local auxin 
biosynthesis’) 

In alight twist to the story;Stepanova et al 
identify TAAL in a screen for tissue-specific 
modulators of response to another essential 
plant hormone, ethylene, The taal mutants 
were insensitive to ethylene, butexternal auxin 
application restored their sensitivity, confirm: 
ing earlier spectilation*"” about crosstalk 
between auxinand ethylene. 

‘Taken together, thesetwo papers” unambig: 
uuously identify a central component of auxin 
biosynthesis and demonstrate its importance 
for specific developmental responses, as well 
asfor hormone crosstalk. From a biochemical 
perspective, it will be interesting to see where, 
inrelation to YUCCA, TAAI resides in the 
agxin biosynthetic pathway, as the partially 
overlapping characteristics of these proteins 
mutants indicate a common branch. Under- 
standing the spatial and temporal regulation 
of TAAI, and expression of its related genes 
under different environmental conditions, is 
also of great interest for the exciting prospect 
of unravelling the mechanisms of signalling 
crosstalk in plants. . 
JitiFriml isin the Department of Plant Systems 
Biology VIB, and the Department of Molecular 
Genetics, Ghent University, 9052 Ghent, Belgium, 
Michael Sauerisat the Centro Nacional de 
Biotecnologia, Genética Molecular de Plantas, 
28049 Madrid, Spain. 
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50 YEARS AGO 

‘Niels Henrik Abel: Mathematician 
Extroordinary — [Abel] was 
‘avery nineteenth-century 
‘genius. The son ofa drunken 
Norwegian clergyman and his 
profligate wife, he faced poverty 
asa student; his subsequent 
rise to fame was hampered by 
the indifference, and sometimes 
the misunderstanding, of the 
established great; his hope of 

financial reward was frustrated 
_by official vulnerability to 

|| pressure groups:andhe died 

‘of consumption at the age of 
twenty-sie.. The young genius 

 ofto-day will find difficulty not 
ingetting his work published, 
but in getting itnoticed amid 
the flood from his ordinary 
sound contemporaries. the 
dies at twenty-six it will not 
be of consumption, buti 
‘mountaineering accident; and 
however real his genius, so dying, 
he willsurely not leave so dee 
orsolastingamark on so wide a 
sector of his subject as did Abel, 
From Nature 17 May 1958, 


100 YEARS AGO 
“The Daylight Saving Bil 
proposes that early on the 
‘morning ofeach ofthe ist four 
Sundays in Apilallthe public 
‘locks shallbe set forward 
twenty minutes andbe set 
backtwenty minutes on each 
‘ofthe four Sunday morningsin 
September . But Sit David Gill 
shows inaletterinTweséoys (py 
Times, that evento change the 

origin of time once forall requires, (~~ 
careful preparation and that to 


‘make changes inthe manner << 
proposed by the Bill must lead to 
confusion... He points out thatit, LL 
for example, the Bank of England 

could be persuaded to open 


business at 9 a.m. instead of 
10.a.m.from April1tothe 


end of September, no doubt al 
atherbanksandofficeswould >) 
follow suit, andif employers of 
labour wouldopentheirworks —° 
_an hour earlier in the spring and () 
summer months the objects of 

the Bill would be in great part 

‘gained without difcuty and.) 
‘confusion. 

From Nature 14 May 1908, He) 
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Figure’ | Plant plasticity. ‘Two studies show that environmental cues (light quality) and internal 
signals (mediated by the hormone ethylene) can both modulate the auxin synthetic pathway that 
starts with the conversion of tryptophan to indole-3-pyruvic acid (IPA) in a reaction catalysed by the 


enzyme TAA1. TAAL dependent local synthesis of auxin, together with the resultant direct 


‘ransport, leads to auxin gradients that mediate specific adaptive developmental responses in the plant 


proteins mediate directional transport of the 
hormone, Asymmetric subcellular localization 
of these transporters ensures directional auxin 
movement between cells and can generate 
uneven auxin distribution’. Spatially restricted 
peaks in auxin levels can also be generated by 
local auxin biosynthesis’, although the bio: 

chemical pathways involved in this process 
are complex and remain poorly understood, 
Tao et al'and Stepanova et al.’ now identify 
‘an enzyme that is essential for local auxin 
biosynthesis and that markedly affects plant 
development. 

‘a0 and colleagues performed a genetic 
screen to identify mutations in the plant Arabi 

dlopsis thaliana that compromise shade-avoid: 

ance responses. They detected the TAA! gene, 
which when mutated prevents plant elongation 
under shady conditions. This mutant also has 
lower auxin levels and, in contrast to its nor- 

mal counterpart, does not produce more auxin 
when placed in shade. Supplying external auxin 
restores the shade-avoidance response in faa 
mutants, 

‘The authors’ elaborate biochémical and 
structural analyses of TAA1 convincingly 
show that this enzyme catalyses convetsion of 
the amino acid tryptophan to an auxin preeur 
sor, indole-3-pyruvic acid (Fig. 1). They also 
report that the expression of TAAL is localized, 
being predominantly confined to the leaf mar- 
gins, and that it increases under shady condi. 
tions. This finding isin line with the observed 
defects in shade-avoidance syndrome seen in 
taal mutants, 

In addition to confirming the role of TAA 
in auxin biosynthesis, Stepanova and col- 
leagues’ investigated the developmental rel 
evance of this enzyme. They find two related 
genes that partially compensate for the loss 
of TAAL function. But ifall three genes are 
inactive, the consequences are disastrous: 
triple mutants are severely defective even 
during embryonic development, failing to 
generate a root. Only in certain combinations 
of the three mutations do plants survive, but 


at all developmental stages they still show 
strong, auxin-deficiency-related characteris 
tics that are similar to the effect of mutationé 
in YUCCA genes. (YUCCA genes encode 
‘enzymes that are also implicated in local auxin 
biosynthesis’) 

In alight twist to the story;Stepanova et al 
identify TAAL in a screen for tissue-specific 
modulators of response to another essential 
plant hormone, ethylene, The taal mutants 
were insensitive to ethylene, butexternal auxin 
application restored their sensitivity, confirm: 
ing earlier spectilation*"” about crosstalk 
between auxinand ethylene. 

‘Taken together, thesetwo papers” unambig: 
uuously identify a central component of auxin 
biosynthesis and demonstrate its importance 
for specific developmental responses, as well 
asfor hormone crosstalk. From a biochemical 
perspective, it will be interesting to see where, 
inrelation to YUCCA, TAAI resides in the 
agxin biosynthetic pathway, as the partially 
overlapping characteristics of these proteins 
mutants indicate a common branch. Under- 
standing the spatial and temporal regulation 
of TAAI, and expression of its related genes 
under different environmental conditions, is 
also of great interest for the exciting prospect 
of unravelling the mechanisms of signalling 
crosstalk in plants. . 
JitiFriml isin the Department of Plant Systems 
Biology VIB, and the Department of Molecular 
Genetics, Ghent University, 9052 Ghent, Belgium, 
Michael Sauerisat the Centro Nacional de 
Biotecnologia, Genética Molecular de Plantas, 
28049 Madrid, Spain. 
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50 YEARS AGO 

‘Niels Henrik Abel: Mathematician 
Extroordinary — [Abel] was 
‘avery nineteenth-century 
‘genius. The son ofa drunken 
Norwegian clergyman and his 
profligate wife, he faced poverty 
asa student; his subsequent 
rise to fame was hampered by 
the indifference, and sometimes 
the misunderstanding, of the 
established great; his hope of 

financial reward was frustrated 
_by official vulnerability to 

|| pressure groups:andhe died 

‘of consumption at the age of 
twenty-sie.. The young genius 

 ofto-day will find difficulty not 
ingetting his work published, 
but in getting itnoticed amid 
the flood from his ordinary 
sound contemporaries. the 
dies at twenty-six it will not 
be of consumption, buti 
‘mountaineering accident; and 
however real his genius, so dying, 
he willsurely not leave so dee 
orsolastingamark on so wide a 
sector of his subject as did Abel, 
From Nature 17 May 1958, 


100 YEARS AGO 
“The Daylight Saving Bil 
proposes that early on the 
‘morning ofeach ofthe ist four 
Sundays in Apilallthe public 
‘locks shallbe set forward 
twenty minutes andbe set 
backtwenty minutes on each 
‘ofthe four Sunday morningsin 
September . But Sit David Gill 
shows inaletterinTweséoys (py 
Times, that evento change the 

origin of time once forall requires, (~~ 
careful preparation and that to 


‘make changes inthe manner << 
proposed by the Bill must lead to 
confusion... He points out thatit, LL 
for example, the Bank of England 

could be persuaded to open 


business at 9 a.m. instead of 
10.a.m.from April1tothe 


end of September, no doubt al 
atherbanksandofficeswould >) 
follow suit, andif employers of 
labour wouldopentheirworks —° 
_an hour earlier in the spring and () 
summer months the objects of 

the Bill would be in great part 

‘gained without difcuty and.) 
‘confusion. 

From Nature 14 May 1908, He) 
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Edward N. Lorenz (1917-2008) 


Meteorologist and father of chaos theory. 


Edward Norton Lorenz, whose pioneering 
studies of atmospheric dynamics led to 

his accidental discovery of chaos theory, 
died of cancer at his home in Cambridge, 
Massachusetts, on 16 April. A modest, 
unassuming and kind man, his personal 
‘qualities and intellectual insights had 

been a constant feature in the field of 
meteorology for more than 60 years: he 
co-authored his last paper just weeks before 
his death, 

Born on 23 May 1917 in West Hartford, 
‘Connecticut, Lorenz took bachelor's 
and master’s degrees in mathematics at 
Dartmouth College, New Hampshire, and 
Harvard University, respectively. Service 
‘asa weather forecaster for the US Army 
Air Corps during the Second World War 
led him into meteorology, and he received a 
doctorate in the subject at the Massachusetts 
Institute of Technology (MIT) in 1948. 

He remained in MIT's Department of 
Meteorology for the rest of his academic 
career, becoming emeritus professor 
there in 1987, 

Lorenz made crucial contributions to 
atmospheric science, many of which are 
still routinely taught to students and widely 
used in weather forecasting. Perhaps 
foremost among these is his formulation in 
the mid-1950s of the concept of ‘available 
potential energy, which he used to explain 
how potential energy and kinetic energy 
are interchanged in the atmosphere. His 
application of these ideas culminated in 
his influential book of 1967, The Nature 
and Theory of the General Circulation of the 
Atmosphere. He was also instrumental in 
the development of numerical techniques 
for weather prediction, One example 
— again, still widely used — is his schenile 
for the numerical treatment of changes in 
atmospheric variables with height, now 
known as the Lorenz vertical grid. 

But the work for which Lorenz.is 
undoubtedly most widely known isa 
now-classic paper published in the Journal 
‘of Atmospheric Science in 1963. Entitled 
‘Deterministic nonperiodic flow; it presented 
surprising results from a simplified 
‘computational model that simulated thermal 
convection in a fluid layer heated from below 
and cooled from the top. The calculated 
flow of the flaid was extremely irregular, 
with almost random qualities. But more 
importantly, itexhibited extremely sensitive 
dependence on initial conditions: two fluid 
states that were at first just slightly different 
diverged from each other exponentially, 
with their differences doubling repeatedly 


ata consistent rate. When Lorenz plotted 
variables representitigtemperature and 
flow against oneanother, the system 
eventually adopted trajectories that 


traced out somethinggakin to a pair of 
butterfly wings ~<a pattern since called 
the Lorenattractor, He further observed that 
the system trajectory moved from one wing 
of the butterfly to another in a seemingly 
erratic manner. 

Inhisbook The Essence of Chaos, Lorenz 
Fecounts how he cameto discover the 
extfette sensitivity of his model to small 
changes. Wishing to repeat his simulation, 
he restarted it with numbers that had been 
printed out for the start conditions, and 
left it to go down the hall to fetch a cup of 
coffee. On his return, he found that the 
result was nothing like the previous one. 

He soon identified the reason: the numbers 
from the print-out were rounded off. In the 
course of a coffee break, that small error had 
propagated with exponential speed to change 
the result completely. 

This discovery was epoch-making for two 
reasons. The first lay in Lorenz's integration 
of analytical methods with computational 
simulations, with which he — albeit with a 
pre-1960 computer that was bulkier, noisier 
and vastly slower than the PCs of today — set 
an early precedent for a mode of research 
that has since become a norm. But much 
more profound ramifications stemmed from 
Lorenz’ realization of ust how general the 
types of motion he had uncovered were in 
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nonlinear systems such asthe atmosphere, = 
Most immediately for Lorenz's field, 

this meant that long-term weather 

predictions were impossible, because the 
atmosphere’ initial state can never be 

specified precisely enough. That was a 

situation that increased computing power 
could not change. 

Lorenz perfectly encapsulated this 
unknowability in the title of talk that 
he gaveto the American Association for 
the Advancement of Science in 1972, The 
‘question it asks has since lodged itself in the 
public¥consciousness: “Does the flap of a 
butterflys wings in Brazil set off tornado 
in Texas?” But the influence of chaos theory 
‘extends far beyond meteorology, and much 
deeper: it challenges the entire deterministic 
world view, as was confidently expressed, 
for instance, by the mathematician and 
philosopher Pierre-Simon Laplace, who 
stated at the beginning of the nineteenth 
century that the entire future could be 
determined by constructing and solving. 
the equations governing all components of 
the Universe. 

Although the existence of chaos had been 
recognized before Lorenz — notably in the 
1890s by Henri Poincaré, in his study of the 
motions of three or more gravitating celestial 
bodies — itwas Lorenz's meteorological 
demonstration and analysis that established 
the universal applicability of the concept, and 
‘earned him the title ‘the father of chaos: But 
ittook a decade for chaos theory to percolate 
through to the general scientific community. 
When it finally did, it launched a revolution, 
rapidly extending its sway into many fields of 
physics, chemistry, biology and engineering 
— and, in doing so, becoming part of the 
popular lexicon, 

Lorenz received many honours and prizes 
in recognition of his work, among them the 
Crafoord Prize — established by the Royal 
Swedish Academy of Sciences to recognize 
work in fields not covered by the Nobel 
prizes — in 1983, and the Kyoto Prize in 
1991. The citation for that prize lauded “his 
boldest scientific achievement in discovering 
‘deterministic chaos, a principle that has 
profoundly influenced a wide range of basic 
sciences and brought about one of the most 
dramatic changes in mankind's view of nature 
since Sir Isaac Newton’, 

Edward Ott 

Edward Ottis in the Departments of Physics, 
and of Electrical and Computer Engineering, 
University of Maryland, College Park, 
Maryland 20742, USA 
e-mail-edott@umd.edu 
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Goarinaetraen ie iregeneratie, by definition. Bat byand INTRODUCTION 
Reclenyfot ari large, humans lack the regenerative capacity o Feeener eee eens 
embryonic stem cells creatures such as newts and hydra. Although 03 paewerlvamedcne sd 
(light blue) growing on some of our cells have the innate ability human models of human 
fibroblasts (dark blue) replenish themselves — and, by doing s0, to repair disease 
(Courtesy of AMichalska ageing and injured tissues and organs — most of the K.R.Chien 
and. Trounson, Monash ody'scells form the specialized cell type they are 
Unioennay MIBCLS) destined for and then go into lock down. REVIEWS 
ing said that, humans do have organs and navinaicand RU TG contalie 
Ean Maes such as liver and skin, that regenerate well oe ihe) 
oe Unfortunately, the insults of injury, disease and age ee eae 
Siena fortunately, the insults of injury, disease 
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Insights Editor diseases of the heart, an organ famously recalcitrant Li.Zon 
fu Dhand to regeneration, are killer And even organs than can 314 Wound repair and regeneration 
luetion Editor regenerate eventually succumb to the ravages of ageing. 
Davina Daley Moore The field of reprogramming began with John eee Wares ae 
Senior Art Editor Gurdoris seminal work on the reprogramming of : So 
Math pitas frog cells by cloning. His experiments showed that 322 Stem-cell-based therapy and 
At ebtr somatic el that necmalyfenoot gener (he lessons from the heart 
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ise protein factors obtained from eggs, or even by inserting a ‘er 
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Marketing cells — the most regenerative cells of all, stem-cell-based therapies 
Katy Dunninghamn Human musings on regeneration are ancient, A.P. Chidgey, D. Layton, 
as illustrated by the tale of the luckless Greek titan A, Trounson & R. L. Boyd 
canta Prometheus. By day, an eagle torments him by tearing 338 Achemical approach to 
: cout his liver, only forthe organ to regenerate overnight stem-cell biology and 
ready to be torn out again the next day. Now, scientists regenerative medicine 


are discovering our bodies innate stem cells and how wane 

{ecrtale ne’ sources of oud cella a evel doh This SRGNSN S'S, Ding 

knowledge is transforming biology. 345 Imaging stem-cell-driven 
‘The articles in this Insight explore the promises and regeneration in mammals 

challenges of the next era of regenerat T. Schroeder 

and how to use the information gained from the study 

of model organisms and cell culture to eventually 

heal ourselves. For an additional perspective, see 

Nature Reports Stem Cells (www.nature.com/ ture 

stemcells/index.html) for a series of Q&As with nai 


the Insight authors. 
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Regenerative medicine and human 
models of human disease 


Kenneth R. Chien’* 


Recent advances in stem-cell technology are now allowing the mechanisms of human disease to be studied 
in human cells. A new era for regenerative medicine is arising from such disease models, extending beyond 
early cell-based therapies and towards evaluating genetic variation in humans and identifying the molecular 
pathways that lead to disease, as well as targets for therapy. 


Doctors are men who prescribe medicines of which they know 
ltl, to eure diseases of which they know less, in human beings 
of whom they know nothing 

Voltaire 


Medicine has come a long way since the Age of Enlightenment. Tar- 
{geted therapies and genetically engineered mouse models of human dis 

‘eases are in common use, and the genome sequences of many species 
are known, But, despite this progress, there are stil innumerable unmet 
clinical needs, particularly for treating degenerative diseases. For 
advanced forms of such diseases, it is important not only to slow the 
progression of disease but also to reverse its course, a key precept of’ 
regenerative medicine. But these processes are difficult without under- 

standing the underlying disease mechanisms. Clues about the molecular 
pathways that lead to cardiovascular disease, for example, ar€ rapidly 
being gathered from genome-wide association studies (which look for 
‘genetic variants associated with particular diseases), but formost dis- 
‘eases, a clear understanding of how such pathways affect disease patho- 
xenesis is lacking, Thus, knowledge of the mechanistic ‘logic’ of many 
degenerative diseases in humans and how best to distuptthe progression 
of these diseases; let alone reverse them, remainsat a relatively primitive 
stage, So far, heart transplantation is one of only ahandful of successful 
‘examples of regenerative medicine, and (although several treatments are 
in clinical trials; Table 1) itis the only successful example of regenerative 
cardiovascular medicine (Box 1). 


‘Table Regenerative therapies for reversing advanced heart failure 


Therapy tations States Relevance 
Human bear ‘Nat enough donors ‘Approved “See Boxt 
‘wansplantation 
‘Anilicalheart ___Complicationsafblood _Notyatapproved 13 
Implantation clotting andcontinuous _forroutine use 
power source 
Vertricular-assist- Complicationsafinfection Approvedfor 14 
device implantation _and stroke ‘shoetteem use 
Celrbased therapy Results maadormarginal Nolyetapproved: See 
optimalcelltypesané —inclinieallialspage322 
delivery system unclear, 
and law grafting efficiency 
Genetherapyto _Optimizedhearttargeted Notyetapproved 15 
reverse-calcium- _Invivadelivry system nearly clinical 
‘eyelingdefects unclear ‘rials 


Clearly,a better understanding of disease mechanisms is required for 
regenerative medicine to succeed, But most of what is known about the 
molecular pathways that lead to human diseases has come from study: 
ing animal models, particularly genetically engineered mouse models, 
which do not necessarily mimic human physiology or precisely recapitu- 
late human disease. The cardiovascular systems of mice and humans, 
for example, diverge with respect to serum lipid profiles, the way that 
abnormalities in heart rhythm develop and the phenotype that results 
from certain single-gene disorders. Studies using human cells, however, 
have been hampered by the difficulty of isolating the cell types of interest 
from intact human tissue. 

Now, researchers have the ability to generate and expand various types 
of differentiated cell from both human embryonic stem (ES) cells' and 
human induced pluripotent stem (iPS) cells” (the latter of which are 
treated by eliciting the expression ofa few specific genes in adult cells, 
‘commonly skin fibroblasts, and thereby inducing them to become ES- 
cell-like). These technological advances provide the opportunity to set 
up human models of human disease, which should markedly improve 
the understanding of human disease mechanisms. By isolating these cells 
with the potential to become multiple cell types (known as multipotent 
cells or pluripotent cells) rom individuals with particular diseases, it 
will be possible to generate human cardiovascular cells and tissue and 
therefore to study the molecular pathways that mediate disease directly 
in ‘norma and ‘diseased’ cells. It will also be possible to integrate find- 
ings from these models with higher-throughput genetic and chemical 
screening technologies and to obtain rare populations of human cells in 
larger quantities than is possible at present. In short, progeess in stem- 
cell technology is beginning to offer the unprecedented possibility of, 
using humans as model organisms. Moreover, asthe molecular pathways 
that direct the differentiation of ES-cell-derived cell types are identified, 
this knowledge will undoubtedly enable improvements to be made to 
cell-based therapy fora host of degenerative diseases. 

‘The articles in this Insight explore recent scientific advances that are 
likely to havea major impact on regenerative medicine, And in this intro- 
duction to the Insight, I discuss some of the challenges to constructing 
human disease models based on human ES cells or iPS cells, as well as, 
some of the benefits of the cell-based therapy that these models might 
eventually allow, using cardiovascular disease as an example. 


The challenges 
A central challenge to the development of human stem-cell-based mod- 
els of disease lies in the need to isolate and expand rare cell populations 


‘Cardiovascular Resea‘ch Center Massachusetts General Hospital Snches Research Center 185 Cambridge Stet, aston, Massarhuselis 02114 USA “Department of Stem Calland| 
Regenerative Biology, Harvard University, 42 Chutch Street, Cambridge Massachusetts OZ138, USA. 
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Design of frst nical 


Fourth heat i 
study announced, by ||Fort near Wansplant 
Norman Shumway 

3001967 Late 1968 


Ethical concerns ated and 
potential for criminal 
charges against Shumway 


Fest heart transplant, 
by Christiaan Bamard 


2007 


transplants wordwide (in 
total, with -803% mortaity 


First NIN funding or 
transplantation studies 
In animal models 


Rejection of heart recognized 
as central problem 


Inthe current era of molecular medicine, research that is beginning to 
unlock the potential of stem-cell biology has renewed the hope of patients 
‘and their families and has captured the imagination of a generation of 
doctors and scientists. But the road to modern regenerative medicine has 
been difficult, with more than its share of false starts. detours, dead ends 
and hazards. in searching for clues to the path ahead, itis instructive to 
look back toan earlier era, 

(One of the most important modalities of regenerative medicine today 
isheart transplantation, But, inthe late 1950s, the idea of reversing heart 
lure by transplanting a heart from one individual to another was daring. 
The surgical techniques had not yet been established, and there were no 
clearly established approaches to preventing rejection of the new heat or. 
preservingits function, The characteristics ofa sultable donor heaet had 
nat yet been defined, and several legal and ethical dilemmas were waiting 
tobe resolved. Undeterted, in 1958, Norman Shumway received his rst 
_nrant for transplantation work from the National Insittes of Health 
(NIH), andhhe spent the next decade optimizing the surgicaltechniques 
for heart transplantation, mainly in animal models Seetimeline). Towards 
the end of 967, he announced that the work was ready forts first 
<linical application. But, shortly after (and before the regulatory issues 
‘concerning ‘brain death’ in the United States could beresolved), the first 
heart transplant was carried out in South Africa, by a young surgeon, 
named Christiaan Barnard, who hadirained with Shumway. A media 
frenzy ensued and was described by Shumway.as a circus atmosphere 
with Marx Brothers overtones”. Within the nest year, more than 100 
transplants were carried out around the world. However, the patients often 
survived only afew weeks, at most, after the operation, and by the end of 
1968, the procedure was largely considered a failure and was abandoned 

‘Shumway's operative success in those early days was no different from 


‘More than 75000 Wansplants 
worlwide in total) 


that of othersurgeons,and he realized that the scientific underpinnings 
‘of the procedure needed to be identified to allow heart transplantation 
tomave forward. So he returned to the laboratory, and during the next 
decade, he tackled the problem by using an interdisciplinary approach, 
His research team began to realize that the fundamental problem was 
{not surgicaltechnique but rejection of the heart, underscoring the 
‘need for stronger suppression of the immune system and improved 
‘monitoring of tissue rejection. The fundamental scientific advances 
‘made by Shumway and his team during the 1970s, together with the 
-overy of the immunosuppressant cyclosporine (almost 15 years after 
‘Shumway's nitial funding from the NIH), paved the way for successful 
heart transplants. 

‘Shumway's work not only required the formation of interdisciplinary 
scientific and clinical teams with expertise in immunology, pathology, 
‘surgery, cardiology and transplantation biology, but also required the 
Integration of advances in drug discovery driven by the pharmaceutical 
industry, During this work, he was careful not to raise false hopes, instead 
letting science drive the path to the clinic. At the press conference after 
first transplant procedure, Shumway emphasized that too little was 
known about heart transplants in humans to promise an appreciable 
‘extension toa patient's life: “We have reached first base perhaps, but the 
‘work is just beginning Controlling the immunological pathways of tissue 
‘ejection seems to be as crucial now for cell-based therapy (discussed 
by Ann Chidgey, Daniel Layton, Alan Trounson and Richard Boyd; see 
page 330) ast was in the early days of organ transplantation, Perhaps 
this same prescription — creating teams of doctors and scientists with 
‘shared long-term vision, and involving the private sector — will be 
‘successful in the modern era of regenerative medicine. It might be ust 
what Dr Shumway ordered. 


reproducibly and then to Fully differentiate enough of the cells of inter- 
est. In this regard, one of the main obstacles to establishing human 
ES.cell-based models is that ES cell lines vary. All lines do not have the 
same potential to differentiate into cells ofa particular lineage, most 
probably as a result of inherent epigenetic, genetic and developmen- 
tal differences at the time of their isolation. For example, a study of 
17 independent human ES cell lines showed that 7 of these lines had 
little oF no capacity to enter the cardiovascular lineage’, and the level 
of cardiovascular markers expressed by 2 of the 17 cell lines was an 
order of magnitude or more higher than that of these 7 lines. Similar 
variability between human ES cell lines was observed for entry to the 
pancreatic lineage, and cell lines that were optimal for generating cells 


‘of endodermal lineages were extremely poor for generating mesodermal 
lineage cells in many cases‘. Thus, new human ES cell lines that are 
‘optimal for generating specific lineages of interest need to be produced. 
In addition, iPS cell lines might be similarly variable. Even iPS cell lines 
derived from a single stock of patient-specific fibroblasts are likely to 
vary extensively, potentially making comparisons between disease- 
specific cell lines and normal cll lines challenging. It will therefore also 
bbe crucial to compare the proportion of highly purified, well-charac~ 
terized differentiated cells of each lineage that can be obtained from 
various ES cell lines to set a baseline for variability. 

‘The heterogeneity of progenitor cells that make up a particular organ 
presentsan additional challenge. Most human ES cells can easily enter the 
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‘Figure 1| Multipotent cardiovascular progenitor cells and their differentiated 
Progeny. Lincage tracing during mouse heart development, by using 
irreversible penetic tagging with a lacZ reporter gene, shows that most 

‘of the cells in the mammalian heart, except those ofthe left ventricular 
myocardium, are derived from progenitor cells that express the gene islet 1 
it; blue circles). More specifically, mice with the gene encoding the 
recombinase Cre under the contro ofthe endogenous Ist locus were crossed 
‘with mice from a LacZ indicator line. Inthe progeny, the stop sequence that 
prevents lacZ expression in the indicator line is deleted only in cells that 
‘express Ill. Therefore, lacZ expression is irreversibly induced in these cells. 
By monitoring the distribution ofthe LacZ reporter in adult heat tissues, iis 
possible to trace the heart components that were derived from lll-expressing 
progenitor cells during the earliest stages of cardiogenesis. The differentiated 
progeny of multipotent Isl1-expressing progenitor cells contribute toall of 
the four main cell typesin the heart (namely vascular smooth muscle cells, 
‘working cardiac muscle cells, conduction system cellsand endothelial cells) 
in multiple cardiac compartments. Determining how these multipotent 
‘progenitor cells relate to other cardiovascular progenitor cells that have been 
reported, and identifying the precise pathways that direct their renewal 

and differentiation, isimportant for developing human models of human 
‘ardiovascular disease that are based on ES or iPS cells. FLK1, fetal liver 
kinase 1 (also known as KDR); IRES, internal ribosomal entry ste: 
NKX2-5, NK2 transcription factor related, locus 5; RTY, retroviral 
integration sequence. (Figure adapted, with permission, from ref. 16.) 


INSIGHT 


cardiovascular lineage and become beating cardiac muscle cells (cardio- 
myocytes). But, in vivo, multipotent cardiovascular progenitor cells can 
becomte multiple distinct cell types, including arterial and venoussmooth 
muscle cells, conduction system cells that have endogenous pacemaker 
activity, endothelial cells of diverse lineages, and atrial and ventricular 
cardiomyocytes from various heart compartments” (Fig. 1).So, to set 
up an ES.cell-based model, it will be necessary to direct the differen- 
tiation of enough ES cells into a homogeneous population of specific 
progenitor cells for each cardiovascular cell type of interest, Thus,a more 
refined lineage fate map’ is needed, o establish the relationship between 
these multipotent progenitor cells and other promising multipotent 
cardiovascular progenitor cells" and to identify the pathways that con 
trol their fate, directing them to become specific type of mature adult 
cardiovascular cell (Fig. 1). As noted by Leonard Zon (see page 306), 
the identification ofthe self-renewal pathways for cellular intermediates 
that are committed to particular differentiated cardiovascular cell types, 
such as the completely committed cardiomyocyte progenitor, could prove 
extremely valuable for designing new strategies to regenerate cardiac 
muscle in the intact heart. 

In patients, many/erucial disease end points are best identified by 
studying the phenotype of intact organs, For the heart, the properties 
measured include electrical conduction, contractility, relaxation and 
repolarization, Many important properties are controlled by crosstalk 
between different tissues. Blood pressure, for example, is controlled by 
crosstalk between endothelial cells and vascular smooth muscle cells, 
Accordingly, when developing stem-cell-based disease models, it will be 
crucial to design physiological assay systems that can go beyond measure 
ments in single cells and allow the measurements in intact tissues. One 
stemcell-based model that could be valuable for such measurements 
is the in vivo grafting of purified human ES-cell-derived (or iPS-cell 
derived) cardiovascular cell types into mouse models of cardiovascular 
diseaseyalthough several challenges need to be met before such celltrans- 
plantation is optimized (as reviewed by Robert Passier, Linda van Laake 
and Christine Mummery; see page 322). An alternative to transplantation 
isex vivo tissue engineering, For example, thin films of synchronously 
contracting strips of cardiac muscle are being developed'", and these 
‘ould be useful for measuring contractility and conduction. Progress is 
also being made towards modifying this technology so that specific heart 
parts can be engineered from multipotent cardiovascular progenitor cells, 
Recent studies suggest that the extracellular matrix has a crucial role in 
theassembly of differentiated cardiac cells into an intact heart™,and itis 
possible that each heart part has ‘signature’ extracellular-matrix com: 
position. Therefore, itis important to address directly how interstitial 
fibroblasts and other cells that secrete extracellular-matrix proteins are 
involved in controlling the fate of cardiovascular progenitor cells and 
stem cells (as discussed by Geoffrey Gurtner, Sabine Werner, Yann Bar- 
randon and Michael Longaker; see page 314). Integrating technology 
from tissue engineering will be crucial for moving away from studi 
of single cells towards the analysis of physiological end points, opening 
the door both to new model systems and to the formation of heart tissue 
components ex vivo for direct transplantation. 


The potential benefits 

The use of human stem-cell-based models will have a major impact 
on unravelling the molecular pathways involved in complex traits in 
humans. Ata basic level, these systems could lead to a more complete 
understanding of human physiology at the cellular level, In terms of 
disease, these systems could allow the study, for example, of the complex 
common genetic variants that are now being uncovered by genome- 
wide association studies of patients with specific forms of heart disease, 
variants that would be extremely difficult to mimic in mice. Skin cells 
from adult patients with these variants could be used to generate iPS 
cells with ES-cell-like properties. In this manner, a new field of ‘degen- 
erative’ medicine might be in the offing, allowing the discrimination 
of subsets of degenerative diseases, based on a combination of genetic 
variants that confer risk of developing a given disease phenotype. Sub- 
sequently, it should be possible to use patient-specific iPS cell lines to 
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study the functional effects of such genetic variants on differentiated 
cardiovascular cells. 

‘This convergence of human genetics and human stem-cell models 
could be especially powerful for studying rare chromosomal disorders, 
such as Downs syndrome, that are usually associated with numerous 
physiological changes across multiple organ systems, The chromosomal 
translocations, deletions and duplications seen in many of these genetic 
disorders in which several organs are affected have been difficult, if 
not impossible, to study in model organisms. It could be particularly 
enlightening to examine the functional defects in differentiated cells 
derived from highly purified progenitor cell populations that harbour 
these chromosomal alterations. 

‘The ability to isolate multipotent cells from specific patients and then 
obtain highly purified subsets of progenitor cells and their differentiated 
progeny is clearly important for the studies described so far, and it also 
provides an opportunity for identifying drug targets, screening drug can- 
didates and measuring drug toxicity (as discussed by Yue Xu, Yan Shi 
and Sheng Ding; see page 338). In this case, it might be optimal to start 
with genetically engineered human ES cell lines that have a high inher- 
ent propensity to enter the particular lineage of interest. ‘Knock-ins’ of 
‘mutant genes that correspond to monogenic diseases, as well as genetic 
reporters that allow progenitor cells and their differentiated progeny to 
be identified and purified by flow cytometry, will be extremely valuable 
for such assays. Gene targeting in human ES celllines is, however, notori- 
‘ously inefficient, but new tools for this technique will be available soon. 
Analternative strategy is to use iPS cell lines derived from patients wit 
‘monogenic diseases, Because there are hundreds of differences between 
the transcriptional profiles of iPS cell lines and authentic ES cells, it will 
be crucial to ensure that the differentiated progeny of iPS cell lines have 
fidelity to the fully differentiated (mature) human cell types of inter- 
est (for example, iPS-cell-derived cardiomyocytes will need to have the 
ime physiological phenotype as endogenous cardiomyocytes under 
baseline conditions and during extended periods of mechanical work). 
Ifthis can be accomplished, then human-cell-based models of human, 
heart disease should offer a new and direct means of identifying chemi- 
cal compounds, secreted factors and antibodies that can ameliorate the 
disease phenotype. 


Beyond stem-cell biology 

If humans are the model organism, then cross-diseiplinary.collab- 
orations between scientists and doctors will be essential, Advances in 
understanding the genetics of complex traits in huimans, inthe imaging 
of cells in situ in the human body (as discussed by Timm Schroeder; 
see page 345) and in the engineering of human tissue will be necessary 
to move beyond stem-cell biology towards medicine. One 
aspect that holds considerable promise is the possibility of identifying 
‘groups of patients who correspond to susceptibility or resistance to 


disease phenotypes of interest and for whom the relationships between 
‘genotype and phenotype can be assessed both in vivo and in vitro in 
stem-cell-based model systems. ‘Calling back’ individuals of interest for 
further in vivo physiological study is likely to be a crucial component 
‘of these model systems, bringing about a shift in the paradigm of sepa- 
rate clinical and scientific studies. For these studies to succeed, it will 
be imperative for researchers to forge close ties with major academic 
hospitals that have access not only to the phenotyping tools and the 
appropriate patients but also to doctors with extensive training in stem- 
cell biology, who are likely to drive the field in the coming years. Per- 
haps we are about to enter a new age of enlightenment in regenerative 
medicine, with human models of human disease leading the transition 
from bedside to bench. = 
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Intrinsic and extrinsic control of 
haematopoietic stem-cell self-renewal 


Leonard |. Zon’ 


When stem cells divide, they can generate progeny with the same developmental potential as the original 
cell, a process referred to as self-renewal. Self-renewal is driven intrinsically by gene expression in a cell- 


manner and is modulated through interactions with ex| 
as growth factors. However, despite the prevalence of the term self-renewal inthe scientific literature, t 


ic cues from the environment, such 


process has not been defined at the molecular level. Haematopoietic stem cells are an excellent model for the 
study of self-renewal because they can be isolated prospectively, manipulated relatively easily and assessed 
by using well-defined assays. Establishing the principles of self-renewal in haematopoietic stem cells will lead 
to insights into the mechanisms of self-renewal in other tissues. 


Ofall the known types of stem cell, haematopoietic stem cells (HSCs) 
are the best characterized’. HSCs were frst proven to exist in 1961, and 
since then a wealth of experimentation has formed a solid foundation 
for the study of stem cells, HSCs can differentiate to form mature blood 
cells but can also reproduce themselves, which is known as self-renewal. 
Self-renewal is a biological process in which a cell with long-term dif 
ferentiation capability generates progeny with the same potential to 
differentiate into various cell types. HSCs reside in distinct stem-cell 
niches that vary in location depending on the developmental stage of 
the organism, The formation of blood cells begins in the yolk sac ofthe 
embryo and then shifts to the aortic region, and then sequentially to 
the placenta, fetal liver and adult bone marrow. Exceptfor the yolk sac, 
in which mainly erythrocytes form, the subsequent sites contain HSCs 
with the ability to self-renew. 

When studying the haematopoietic system, sélf-renewal is assessed 
by using a transplantation assay. Transplantation ofa single HSC from 
the bone marrow into a lethally irradiated animal caf fescue the entire 
immune system, HSCs can then beisolated using a cocktail of mono. 
clonal antibodies specific for various cell-surface proteins: for example, 
expression of the markers Kit and stem-cellantigen 1 (SCA1) but not lin 
age (Lin) markers defines an HSC-containing cell population (known 
as KSL cells). In this population of cells, one in five cellshas the property 
‘of long-term engraftment, as defined in transplantation assays. In sec 
ondary assays, HSCs are isolated from an animal that received an HSC 
transplant and then transplanted into a different recipient. establishing 
the extensive self-renewal capacity of HSCs. Recent studies with other 
monoclonal antibodies such as CD150-specific antibody have led to 
further enrichment of HSCs". 

Self-Fenewal occurs in a cell-atitonomous (intrinsic) manner but is 
influenced by the environment. Stem-cell niches are important regula- 
tors of self-renewal that affect whether symmetrical or asymmetrical 
stem-cell division occurs. During symmetrical division, the ‘parent’ stem 
cell forms either two parent stem cells or two daughter cells, which are 
differentiated, By contrast, during asymmetrical division, the ‘parent’ 
stem cell forms another parent stem cell and a daughter cell. Asymmetri 
cal division has been described to occur in several tissue-specific stem- 
cell populations. For example, a neural stem cell can remain a neural 


stem cell or can differentiate into neurons’. In the fruitfly, Drosophila 
‘melanogaster, the male germline stem cell resides in an environment 
called the niche, attached toa hub cell, and divides to become another 
germline stem cell or differentiates into a sperm cell’, And, in some 
cancers, the transformation of a progenitor cell can lead to activatio 
of self-renewal, a property of cancer stem cells”. In each of these ca 
the molecular steps of self-renewal have yet to be defined. In terms of 
HSCs, the functional heterogeneity that is observed in HSC populations 
{in culture has been linked to asymmetrical division’, and the probability 
that asymmetrical division will occur is influenced by the presence of 
certain cytokines”. Furthermore, some proteins have been shown to be 
distributed asymmetrically during HSC division’, For example, recent 
in D. melanogaster showed that the parent centrosome is inher: 
ited asymmetrically during stem-cell division’. 
In this review, I delineate the characteristics of HSC self-renewal, as 
well as the molecular pathways that are known to be involved in the 
self-renewal process. Itis probable that self-renewal is regulated in a 
distinct manner in each tissue, with different molecular pathways being 
involved, but there might be some common control processes. 


Self-renewal of HSCs and stem cells in other organs 

Because a single HSC can self-renew and differentiate into cells of the 
haematopoietic lineages, this cell can, in essence, function for the life- 
time of the animal. Apart from blood, several other tissues are known, 
to self-renew. D. melanogaster testes contain germline stem cells that 
produce sperm for most of the animal’ life’, and the transplantation of 
testis tissue from one mammal into another indicates the presence of, 
stem-cell activity”, In addition, skin grafts last fora lifetime, indicat: 

ing that stem cells reside in the skin". Mammary cells transplanted 
into the mammary fat pad also provide long-term reconstitution of 
breast tissue” Furthermore, gut stem cells continuously yield the cells 
ofan entire villus, indicating that a self-renewal mechanism exists in 
the gut”. And, neural stem cells can be cultured to form neurospheres 
that can be replated to form new neurospheres and transplanted into 
the brain, where they contribute to neuronal function, as determined by 
measuring synapse formation and electrical response. Finally, muscle 
satellite cells, a population of adult muscle stem cells, can be isolated 
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and injected into muscle, thereby contributing to muscle function for 
considerable time periods". Despite these similarities, the process of 
self-renewal might differ in each of these tissues, and some adult tissues, 
such as the pancreas, do not contain any stem cells’ 

Embryonic stem (ES) cells also have a self-renewal programme". ES 
cells can be kept in an undifferentiated state in vitro by contact with 
feeder cells or, in the case of mouse ES cells, by adding antidifferentiation 
factors such as leukaemia inhibitory factor to the culture media. In these 
conditions, the cells divide without differentiating, thereby renewing 
themselves, These undifferentiated ES cells can be transferred to another 
culture plate with similar antidifferentiation conditions, and they will 
continue to renew themselves. Atany stage in this process, the cells can 
be transferred to a culture medium that promotes differentiation, and 
maturation into tissue cells will then occur. When the undifferentiated 
cells are injected into mice, teratomas (tumours that contain hetero 
geneous tissues) develop, suggesting that ES cells can differentiate 
vivo, Undifferentiated ES cells can also generate all of the tissues of the 
body when injected into a blastocyst. Therefore, ES cells can self-renew 
indefinitely in culture, while maintaining the ability to differentiate, 


Ahierarchy of stem cells and progenitor cells 

In most tissues, stem cells form progenitor cells with a more limited dif 
ferentiation potential, On the basis of transplantation experiments with 
mouse haematopoietic cells, transplanted HSCs can be classified into 
two distinct populations: short-term engrafting and long-term engraft 
ing, Long-term-engrafting HSCs can produce blood cells for at least 6 
months, and these HSCs can be transferred to new hosts by secondary 
transplantation. By contrast, short-term-engrafting HSCs contribute 
to the peripheral blood for up to 3 months after transplantation, pos. 
sibly making a skewed contribution to the myeloid or lymphoid cell 
compartments. Most progenitor cells and further-differentiated cells 
cannot self-renew, although certain types of differentiated cell can (for 
example, lymphocytes) 

In addition to such transplantation assays, the developmental hieFats 
chy of stem cells and progenitor cells can be revealed by examining the 
cell cycle. Cells in the skin that take up 5-bromodeoxyuridine (BrdU), 
a marker of cycling cells, have been called transient amplifying cells 
and are thought to be early progenitor cells that are entering the cell 
cycle, Recent evidence suggests that, in some cases, transient amplify 
ing cells in an organ can replace exhausted stem cells". In this study, 
after the animals had been treated with pulses of BrdUythe testes were 
examined by using a DNA-recombination-based technique to track 
the fate of stem cells and their immediate progeny. At3 months after 
pulse BrdU labelling, 0.3% of normal testis cells were labelled. After 
transplantation of these labelled testis cells into testes that had been 
‘genetically engineered to lack stem cells, abont 12% of the germline 
cells were labelled, indicating thatthe transieat amplifying cells were 
contributing to the stem-cell population in the transplant setting. The 
contribution of transient amplifying cells was found to be similar aft 
chemotherapy had been used to deplete the stem cells. These transient 
amplifying cells in testes seem to acquire self-renewal potential when 
they incorporate into the stem-cell niche'”.In other tissues, such as the 
skin, transient amplifying cells eave the stem-cell niche and contribute 
to the differentiated tissue™ 

Stem cells from a single tissue but at different developmental stages, 
such as fetal HSCs and adult HSCs, can show distinct differences in 
self-renewal properties. A new developmental checkpoint that marks 
development into an adult HSC has been defined by investigating seri 
ally cultured HSCs and carrying out transplantation experiments”. In 
this study, the fetal HSCs were shown to have an intrinsic ability to 
self-renew and differentiate, and this property was maintained until 
week after birth. At this time, the HSCs switched to being quiescent, 
similar to adult HSCs. The switch was subsequently shown to require 
the production of stage-specific factors, such as the transcription factor 
SOX17, in fetal HSCs and not adult HSCs”. 

It is unclear whether the development of organs in the fetus and 
embryo requires self-renewal. Itis possible that mouse HSCs arise in the 
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Figure 1) Developmental signalling pathways involved in HSC self- 
renewal. When developmental regulators and chemical modulators bind 
to the appropriate cell-surface receptors, signalling pathways are initiated, 
leading to the translocation of transcription factors from the cytoplasm 

to thenucleus. (The receptor for retinoic acid isin the nucleus.) These 
transcription factors then interact with other cell-specific transeription 
factors to regulate self-renewal. Competition between transcription 
factors provides a simple mechanism for controlling self-renewal, and 
chromatin-associated factors, such as MLL and BMIL, provide another 
level of control (and competition). BMP, bone 

cAMP, cyclic AMP; LE, lymphoid-enhancer-binding factor; 
NOTCH intracellular domain; PGI 

X receptor; TCF, T-cell factor; TGF-, transforming growth factor-f 
ZEX, X-linked 2ine-finger protein, 


aorta-gonads-mesonephros region and the placenta before embryonic 
day 12.5 and that all of the HSCs required for both fetal and adult life are 
amplified from these original, developmentally specified cells”. This idea 
implies thata cells capacity for self-renewal is conferred during early devel 
opment but isalso used later, for the development of mature organs. 


Self-renewal is molecularly linked to developmental pathways 
Tissue development and differentiation are regulated by several 
intracellular signalling pathways. These pathways are activated by 
{growth factors and morphogens such as NOTCH ligands, WNT pro: 
teins and bone morphogenetic proteins (BMPs) (Fig. 1), triggering 
spatially overlapping signals that are involved in the development of 
almost all organs that have been studied in detail, As shown in Fig. 1, 
when a ligand binds to its receptor, this results in the initiation of 
signalling pathways that culminate in the nucleus, Some ligands are 
produced only in particular tissues, although these spatially distinct 
ligands might activate common downstream signalling mechanisms, 
For example, WNT? is crucial for the generation of a liver, whereas 
WNT is required for the production of specific types of neuron in the 
brain”. Signalling mediated by either of these factors activates B-cat 
cenin, presumably triggering the transcription of target genes encoding 
the cues that are required to initiate and specify the development of the 
respective tissues. 

In later phases of fetal and adult development, these pathways have 
marked effects on the self-renewal process, leading to an increase 
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in the size of stem-cell pools (Table 1). Addition of WNT3A to the 
culture medium in which specific bone-marrow subpopulations 
are growing results in a threefold increase in self-renewal, as meas- 
ured by the number of HSCs that engraft after transplantation into 
irradiated recipients". In addition, the growth factor sonic hedge- 
hog (SHH) can increase the self-renewal of adult neural progenitor 
cells. Therefore, as well as contributing to the early designation of 


‘Table 1) Developmental regulators and self-renewal factors for HSCs 
Factor (and wanscrptontactar Function wael-vanewalprocess___Ralerenceay 
output)” 


‘Growth factor or chemical modulator 


NOTCH ligands (RBPJ and NICD) Not necessary, sulficient nm 
WAT proteins catenin, CFs Mightbenecessryt,suicent 24,28 
a 
BMPs (SMADs) Maintains stem cellsSMAD4 31 
necessary 
Angiopoletin-tke factors Suffilent 8 
‘Thrombopoietin Necessary 6 
keitligana Necessary 3 
Retinoic acid (HOX proteins) Necessary, sufficient 60 
PGE, Might bernecessaryt sufficient 56 
Cell-cycle regulators 
INKAA (also knownas p16) increases (in older animals) 77 
INKAC (also knownaspI8) increases 8 
IPI also known as p27) Increases (in Madi mutants) 79 
WAFT(alsoknownas p21) Decreases (onmixed but not 80 
pure background) 
PTEN Decreases evar 
p53 Decreases 83 
Myc Decreases 66 
‘COX and HOX proteins 
Hoxa7 Increases (when overexpressed 84 
with cofactors) 
Hows Increases (when overexpressed) 
Hoxal0, Increases (when overexpressed) 
Hoxba Increases (when ove 
coxa Overexpressed in eu 
coxa Overexpressedinleukaemia 85 
MEISt Sufficient (with Hos 
64 
65 
87 
83 
20 
a9 
90 
1 
70 
2 
3 
94 
44,45 
54 
95 


INSIGHT 


cell types, these developmental regulators can act directly on more 
mature stem-cell populations 

For each of the pathways mentioned, receptor-ligand interactions 
result in transcriptional activation. WNT proteins, hedgehog proteins, 
BMPsand the NOTCH ligand known as Delta-like stimulate the activa- 
tion and translocation of transcription factors into the nucleus, where 
they activate or repress the genes involved in organ development. For 
the NOTCH pathway activated by Delta-like, the intracellular domain 
of NOTCH is cleaved and translocates to the nucleus, where it inter- 
acts with RBP] (a homologue of the D. melanogaster protein Su(H)) to 
regulate target genes. By contrast, WNT proteins function to stabilize 
B-catenin, which travels to the nucleus and interacts with lymphoid- 
‘enhancer-binding factor (LEF) and members of the T-cell factor (TCF) 
family, driving expression of genes that encode proteins such as Mycand 
cyclin D. Hedgehog. mediated signalling leads tothe expression of genes 
encoding GLI-family factors, which are transcriptional regulators, and 
BMPs activate SMADs, which translocate to the nucleus afte activation. 
Because growth-factor-mediated signalling leads to a quick transcrip. 
tional response, it isan ideal mechanism to drive organogenesis, as well 
as to modulate self-renewal later in development, 


Pathways for stem-cell homeostasis versus tissue repair 
Stem cells must be maintained so that there is a continuous supply for 
steady-state organ function. For example, in D. melanogaster with a 
‘mutation in the gene encoding an orthologue of the transcription factor 
JAK, the stem cells in the gonads arise and then differentiate only once”. 
This loss of selferenewal leads to lack of fertility. Another example is 
that mice that lack the gene Bmiil, which encodes a chromatin-associ 
ated factor, are born with stem cells, but these cells seem to exhaust 
themselves; the animals progressively lose blood and neural cells”. In 
addition to their role in these homeostatic processes, stem cells are also 
necessary after tissue damage has occurred or during stress or regen. 
eration. The pathways that activate stem cells in these cases might be 
distinct from those that regulate stem-cell homeostasis. 

list of the factors that are necessary and/or sufficient for self-renewal 
is provided in Table 1. How some of these factors function is contro- 
versial. For example, when an inducible Cre recombinase construct is 
used to generate mice with a conditional knockout of the gene encoding 
B-catenin (as well both §-catenin and y-catenin) in the bone marrow, the 
mice have normal numbers of haematopoietic cells and normal numbers 
of HSCs, despite the block in the WNT-mediated signalling pathway”, 
By contrast, when a haematopoietic-cell-specific Cre construct is used to 
make a conditional knockout of the gene encoding f-catenin in haemat- 
opoietic tissue, although the outcome would be expected to be similar, 
the mutant mice have defects in self-renewal during fetal and adult HSC. 
homeostasis”. Nevertheless, adding WNT3A to the culture medium is, 
sufficient to increase self-renewal in those mice™. The role of Wnt pro- 
teins in tal-fin regeneration in zebrafish (Danio rerio)” is illustrated in 
Fig. 2. After the tail has been removed, a unique tissue forms, This tissue, 
called a blastema, has the ability to self-renew and ultimately differenti- 
ates to reform the tail in a wild-type fish. If wnt8 is overexpressed, pro: 
liferation increases, whereas overexpression of another member of the 
‘wnt gene family, wnt5, suppresses the recovery of the tail fin. Similarly, 
in other tissues, activation of the wnt3 and wat8 family (the canonical 
‘Wat pathway) increases the recovery of cells after damage, and overex- 
pression of wntS stimulates a pathway that suppresses tissue recovery 
that does not include B-catenin. 

‘SMAD4, a component of the BMP- and transforming growth fac- 
tor-B (TGE-)-mediated signalling pathways, is required for normal 
HSCs to self-renew following transplantation”. For other tissues, such 
as the adult central nervous system and hair follicles, BMP- and TGF- 
‘mediated signalling pathways are required for homeostasis of the tissue 
stem cellsand progenitor cells. Another type of growth factor, fibroblast 
‘growth factor 20 (Fgf20), seems to be specifically used during regen- 
eration of zebrafish tail fins but is not required for normal growth™. 
‘These growth-factor-mediated signalling pathways might be constantly, 
‘stimulated in small populations of cells in each organ, thus modulating, 
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Figure 2) The Wnt-mediated signalling pathway modifies tissue 
regeneration. Zebrafish tail-fin regeneration is an excellent model for 
studying regeneration, and several factors that modulate regeneration 
hhave been found in this system. After the distal tail fin has been removed, 
‘cell population called a blastema, which has the capacity to self-renew 
and differentiate, forms near the wound. The fin typically regenerates toa 
‘normal wild-type size. However ifthe canonical Wnt-mediated signalli 
pathway isactivated by Wat8, cell proliferation increases in the regenera 
fin (although the sizeof the regenerating fin eventually becomes equivalent 
{o that of a wild-type fin) By contrast, activation of the non-canonical 
‘Wnt-mediated signalling pathway by Wnt5 suppresses regeneration. 


cell behaviour, but they are not required for the overall function of the 
‘organ in the absence of regeneration or injury. 

Specific signalling pathways can have different effects at different 
stages of stem-cell development. For example, in haematopoietic cells, 
signalling mediated by the growth factors Kit ligand and thrombopoi- 
tin can differentially regulate the responsiveness of fetal HSC and an 
adult HSC", Both fetal and adult HSCs were found to be Kit depend= 
ent in vivo and in vitro, although the fetal cells that cycled faster and 
‘were more efficient at dividing symmetrically were stimulated at alower 
concentration of Kit ligand than adult cells, Fetal HSCs that were Kit= 
deficient cycled similarly to normal adult HSCs, suggesting that there is 
an intrinsic link between the response ofthe cell cycle and growth-factor 
stimulation in HSCs. 

Continuous reactivation of the self-renewal progranime can lead to 
stem-cell exhaustion. For example, when a gene encodinga stabilized 
form of b-catenin was expressed in mouse HSCs in ¥ivoythe mice devel 
‘oped aplastic anaemia, as shown by a lack of HSGsand cells ofthe eryth- 
roid lineage"*”, As shown in Fig. 3, the constitutivelyactivated B-catenin 
leads to.a prominent defect in haematopoiesis, with differentiation being 
blocked at the erythroblast stage. Given the importance of maintaining 
abalance between HSC renewal and differentiation, itis possible that 
pulse activation by developmental regulators (such as transient treat- 
‘ment of an HSC population with the ligand WNT3, which is upstream 
of p-catenin) might lead to increased self-renewal, but chronic activation 
will deplete HSCs or force them into quiescence. 


‘The CDX-HOX pathway 

‘The expression of the HOX gene family is intricately linked to the acti- 
vation of self-renewal in HSCs; however, the precise role of HOX genes 
{in the self-renewal process remains to be determined, Classical genetics 
experiments in D. melanogaster and mice have shown that HOX pro: 
teins function during the development of the body plan. Disruption of 
genes encoding specific HOX-family members in the four paralogous 
‘mammalian gene clusters leads to abnormalities in specific segments 
of the body. HOX gene expression is regulated by several mechanisms. 
‘The gene products ofthe caudal-type homeobox family (CDX1, CDX2 
and CDX4 in vertebrates) bind directly to enhancers within HOX genes, 
thereby activating the genes, Other genes such as those encoding mem- 
bers of the PBX and MEIS families (which are HOX cofactors) also 
modulate HOX gene expression during development. In addition, 


loss-of-function and gain-of-function studies have shown that the 
BMP, NOTCH-ligand- and hedgehog-mediated signalling pathways 
also modulate HOX gene expression and function during embryogen- 
esis, For example, production of WNT proteins leads to aberrant HOX 
‘gene expression”, and WNT-mediated signalling is known to directly 
stimulate Cx genes in mice”. 

‘The link between self-renewal and HOX gene expression is most evi- 
dent in the haematopoietic system. Zebrafish with a mutant cdvd lack 
HSCs during development, CDX proteins function to induce expression 
‘of HOX genes, and it was found that injection of hoxa9 messenger RNA 
rescues haematopoietic development in the cdx4 mutant™. Overexpres- 
sion of Hoxt or Hoxa9 in mouse bone-marrow cells lads to increased 
self-renewal of HSCs”*. As shown in Fig. 4, mouse haematopoietic cells 
‘can be cultured in vitro and then adoptively transferred to mice, and dif. 
ferentiation proceeds. By contrast, overexpression of Hoxbd or Hoxa9 
leads to an increase in myeloblast and erythroblast formation in vitro, 
which is associated with improved self-renewal. However, after adop. 
tive transfer, the cells can differentiate, The function of these two factors 
seems to be distinct: Hoxa9 expression leads o increased myeloid lineage 
differentiation and leukaemogenesis, whereas Hoxb4 expression leads to 
relatively normal bone-marrow development. Recently, in experiments 
in which moderate amounts of HOXA10 were introduced into HSCs, 
self-renewal was found to increase 15-fold, but high doses of HOXA10 
blocked megakaryooyticand erythroid cell fates", Factors that regulate 
HOX gene expression and function have also been found to participate 
in leukaemia, These include PBX and CDX genes, the retroviral insertion. 
‘gene MEJST and the partners of leukaemic fusion proteins, Similarly, the 
‘expression of Phx, Ctx or Meis genes in mouse haematopoietic cells leads 
tojnereased self-renewal”. Taken together, the studies described in this 
section strongly suggest that HOX gene expression is important in the 
tegulation of self-renewal, although loss-of-function experiments involy- 
ing the Hox cluster genes in mice have only recently revealed defects 
in self-renewal". It wil be important to determine the nature of HOX. 
targets in adult stem cells and progenitor cells. 
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Figure 3) Pathways that are involved in HSC homeostasis or in tissue 
regeneration can exhaust HSCs if activated frequently. simple schematic 
‘of the pathways of HSC self-renewal and differentiation is shown, 
together with micrographs of stained bone-marrow cells, Arrows indicate 
procrythroblasts, which differentiate into erythroblasts and then mature 
‘erythrocytes. HSCs can yield progenitor cells that usually differentiate 
into mature erythroid, myeloid and lymphoid cells (normal pathway). 
Introduction of a gene encoding a constitutively active f-catenin, which 
functions downstream of WNT proteins into mouse HSCs results in a 
partial block (dashed blocking arrow) in differentiation, with erythroblasts 
‘evident in large numbers. The mice then become anaemic asa result ofthe 
‘lock in the diferentiation pathway, a wellas HSC exhaustion caused by 
increased cycling and self-renewal. (Images reproduced, with permission, 
from re 34) 
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Epigenetic regulation of self-renewal 

Certain transcription factors, such as HOX proteins, function together 
with chromatin-associated factors. Chrom: ited factors, in 
turn, can modulate the expression or the function of specific DNA- 
binding proteins and coactivators involved in self-renewal. Such factors 
that stimulate or repress the modification of histones (and therefore 
‘regulate gene expression by epigenetic mechanisms) can have profound 
effects on cell fate and stem-cell function. Probably the best example of 
a chromatin-associated factor involved in self-renewal is BMI (Fig. 1 
and Table 1), which is encoded by a polycomb group gene“. The 
Polycomb complex was first described in D. melanogaster as a series of 
{genes that results in abnormal Hox gene expression when mutated; the 
ene products of the complex antagonize factors that are required for 
the maintenance of Hox gene expression“. For example, dominant 
alleles at the Polycomb locus of D. melanogaster are associated with 
homoeotic transformations of the thorax to the legs, and the antennae 
to the legs, effects that are caused by aberrant Hox gene expression. 

In vertebrates, polycomb group proteins participate mainly in two 
complexes, polycomb repressive complex I (PRC1) and PRC2, BMI is 
4 component of PRC1, which functions asa transcriptional repressor. 
Mice with homozygous null mutations in Bmil (Bmil mice) are born 
‘with HSCs and neural progenitor cells that become exhausted, indicat 
ing that these cells have a decreased capacity for self-renewal: conversely, 
‘overexpression of Bmil increases self-renewal". This seems to be the 
case for stem cells in many tissues, including the blood, the nervous 
system, the breasts and the gastrointestinal tract"**"", BMI-deficient 
mice produce large amounts of the cell-cycle regulator INK4A (also 
known as p16), indicating that BMII usually represses the gene encod. 
ing this regulator", In support of this conclusion, the self-renewal 
defect in these mice can be partly rescued by mating them with mice 
that lack INK4A and/or another cell-cycle regulator, ARF (also known 
as p19)", Taken together, these findings point to a direct mechanism 
by which a chromatin-associated factor can modulate the cell cycle and 
self-renewal. 

‘There isalso another example of epigenetic control by the polycomb 
complexes in vertebrates. The gene MLL isan orthologue of trithorax, a 
{gene regulated by the Polycomb complex in D. melanogaster (Figo and 
‘Table 1); MLL is often fused to another protein in leukaemic fusion pro- 
teins. The MLL fusion proteins in HSCs lead to increased self-renewal”, 
and inactivation of Mil in mice leads to decreased HSG self-renewal”. 

‘Methylation or demethylation of crucial genes is another possible 
mechanism for the modulation of self-renewal Recently, the DNA 
methyltransferases DNMT3A and DNMT3B were linked toself-renewal 
of HSCs", The function of these two factors during haematopoiesis was 
studied by using a competitive haematopoietietransplantation system, 
in which the genes encoding these factors were excised only in HSCs. 
When each gene was deleted, there was no effect on self-renewal, but 
HSCs in which both genes had been déleted failed to compete with 
normal HSCs in repopulation assays. These experiments suggest that 
both genes are required for DNA methylation in HSCs and that this 
methylation hasan important role in self-renewal. 

‘The studies described in this section establish that epigenetic altera- 
tions can modulate the self-renewal process. Epigenetic changesin stem 
cellsare not permanent and can be erased (partly or completely) by cell 
division. Therefore, such changes might facilitate the transition of a 
progenitor cell toa self-renewing stem cell, or might prompta stem cell 
to differentiate, divide or lose the ability to self-renew. 


Chemical modulators of self-renewal 

Several research groups have carried out chemical screening for com- 
pounds that modulate self-renewal in a variety of tissues and organ- 
isms (see page 338). The zebrafish isan excellent model system for such 
screens, facilitating, for example, screens for chemicals that modulate 
‘stem-cell number in the embryonic aorta (which need to be carried out in 
vivo)*. Likewise, screens for factors that alter self-renewal in ES cells and 
in neural stem cells can reveal chemicals or gene products that are useful 
for probing the biology of these cells, as well as potential therapeutics”. 
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Figure 4, Hox genes can increase the self-renewal capacity of 
haematopoietic cells. Micrographs of stained blood cells are shown, 
Overexpression of Hoxb or Haxa9 in mouse HSCs results ina marked 
increase in the number of myeloblasts (indicated by arrows, left panels) 
‘and erythroblasts after 2 weeks in vitro, indicating that self-renewal has 
increased. When the cultured cells are introduced (adoptively transferred) 
into irradiated animals, the cells differentiate normally, For example, 
‘neutrophils indicated by arrows, right panels) differentiate from HSCs 

in vivo. However, Hoxa9 overexpression leads to leukaemia, whereas 
‘Hoxb4 overexpression does not. For the adoptive-transfer experiments, 
Hoxb4-overexpressing cells are shown at 14 weeks after transplantation; 
Hoxa9-overespressing cells, at 3 weeks, (The large cll inthe panel 
showing the control adoptive transfer isa megakarocyte.) (Figure courtes 
of G. Sauvageau, S.Cellot and R, Bisaillon, Institute for Research in 
Immunology and Cancer, University of Montreal, Canada.) 


Such studies have made surprising findings, such as the increase in neural 
stem-cell self-renewal induced by neurotransmitter 

‘The roles of certain small molecules in self-renewal have been studied 
extensively. Retinoic acid, for example, leads to alterations in HOX gene 
expression during embryogenesis and isa modifier of the WNT-medi- 
ated signalling pathway”. After binding to its receptor at the cell sur- 
face, retinoic acid is internalized and translocates to the nucleus, where 
itbinds to specific nuclear hormone receptors and modulates gene tran- 
scription. A conditional knockout of the gene encoding the retinoic 
acid receptor RAR-y in mice was found to cause a prominent defect 
in HSC self-renewal”. Retinoic acid has also been shown to maintain 
HSCs in cultureand can augment self-renewal in serial transplantation 
experiments. In addition, the development of some neuronal progeni- 
tor-cell populations is directed by timed exposure to WNT prot 
and retinoic acid™. Similarly, the developmental regulation of HSC. 
self-renewal probably involves a step at which proteins and chemical 
‘modulators interact, and itis possible that these extracellular factors 
affect transcription directly, by traversing the plasma membrane and 
translocating the nucleus, similarly to retinoic acid. 

Prostaglandin E, (PGE,),a small lipid mediator, hasalso recently been 
shown to regulate HSC self-renewal during embryogenesis and can 
enhance HSC engraftment, as measured by competitive repopulation 
studies in mice“, PGE, mediates inflammatory responses and various 
tissue responses such as blood pressure and stomach acid production, by 
binding to G-protein-coupled receptors at the surface of cells and trig- 
gering the production of cyclic AMP. The concentrations of PGE, int 
sues are increased during injury of tissues, and itis logical that in organs 
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that are attempting to repair damage, self-renewal would be coupled to 
factors, such as PGE,, that regulate tissue response to injury. 


Accompetitive transcription-factor model of self-renewal 

‘The central role of transcription factors in stem-cell biology suggests 
that alterations in the levels of these factors could have marked effects 
on cell fate, The current view is that the switch between self-renewal 
and differentiation is regulated by competition between transcrip- 
tion-factor complexes". Such competition may occur at the level of 
chromatin complexes or at the level of the transcription factors that 
bind to chromatin-associated factors. Cross-antagonism of transcrip- 
tion factors by direct binding to each other, and subsequent competi- 
tion for specific target genes, could lead to a rapid shift that results 
in differentiation being blocked and self-renewal being maintained. 
For example, the transcription factor GATAI drives the erythroid line- 
age, and the transcription factor PU.1 (also known as SPI1) drives the 
myeloid lineage", These two transcription factors bind to each other, 
inhibiting each other's ability to interact productively with binding sites, 
in lineage-specific genes. The relative concentration of the two factors 
dictates the lineage decision, If GATAL is deficient, PU.1 will activate 
the myeloid programme. But, if PU. is deficient, GATAL will activate 
the erythroid programme, A small imbalance in a transcription factor 
complex can therefore determine cell fate. 


‘The biological properties and activities that are involved in the selt- 
renewal of HSCsare detailed below. 


+ Selt-renewal occurs autonomously in HSCs and is also affected by 

the environment (or stem-cell niche) 

+ Self-renewal is activated by diverse signals, such as developmental 
regulators or certain oncogenes. The diversity of signals might make 
this process robust, in that a single signalling pathway isnot the sole 
‘mediator. For example, Myc, NOTCH and leukaemic fusion proteins: 
stimulate self-renewal", so signalling through multiple pathwaysis 
likely to trigger a set of cellular events associated with self-renewal, 

+ Some of the pathways used during embryogenesis are used during 
adult HSC self-renewal. These include signalling pathways mediated by 
Delta-like, WNT proteins, BMPs, fibroblast growth factarsretinoic acid 
and PGE,. Some factors are required for the production of HSCSduring 
embryogenesis but are not required for the selt-renewalo{ HSCs at later 
developmental stages: for example, the transcription factorsSCL and 
RUN (ref. 93). 

‘+ HSCs do not seem to require the developmental cegulators for adult 
stem-cell homeostasis. Conditional geneknackouts in mice have shown, 
that developmental factors such as WNT proteins and NOTCH are not 
Usually involved in HSC maintenance but are invalved in stress-induced 
situations or during regeneration” 

+ Most of the developmental pathways involved in self-renewal are 
conserved in many tissues and in many organisms. 

+ Self-renewal inked to the cell cycle. The chromatin-associated 
factor BMI\ has been implicated in the self-renewal programme, 

and t directly regulates the transcription of the cell-cycle regulator 
INKAA™, 

+ Self-renewal is activated quickly. An example of thisis that the 
transformation event in cancer cells spontaneously and rapidly 
activates self-renewal 

+ Self-renewal can be augmented in stem cells that are already capable 
of self-renewal. HSCs can execute the self-renewal programme, but the 
addition of WNT3A™, angiopoietin-lke factors” or PGE, (ref.56) to the 
cells can increase the number of cells that engraft after transplantation. 
‘Most ofthe signalling pathways that are involved in self-renewal are not 
‘maximally stimulated in vivo, soit is possible to boost self-renewal, 

+ Selt-renewal is modulated by epigenetic modification. Gene 
transcription is altered by modifying histones and transcription factors 
by processes such as phosphorylation, acetylation, ubiquitylation, 
SUMOylation and methylation. 

* Self-renewal is linked to HOX gene expression. 


‘The inactivation of a variety of transcription factors hasbeen shown to 
inhibit HSC self-renewal, as determined by competitive transplantation 
assays. These factors include GATA2 (ref. 64),GFII (ref. 65), Mye**and 
SMAD4 (ref. 31). Other transcription factors that are required for the 
production of stem cells during embryogenesis, such as RUNX1 and 
SCL, are not required for self-renewal. This suggests that stem cells can 
detect the absence of a crucial subset of cell-specific transcription factors 
involved in self-renewal. Epigenetic modulation of the genes encoding 
these transcription factors by interacting chromatin-associated factors, 
and the overall state of histone modifications at these loci, is likely to be 
important for self-renewal. 

Itis well known that four transcription factors (OCT4, SOX2, Myc and 
KLF4) can reprogrammea fibroblast to become an induced pluripotent 
stem (iPS) cell, which resembles an ES cell” (see page 322), Because the 
original fibroblast from which the iPS cell was derived could not self 
renew, this finding suggests that overexpression of crucial transcription 
factors can induce both pluripotency (a state in which the cell can form 
all the cell types of the body)and self-renewal. Transcription-factor 
‘competition could be one mechanism by which this occurs, 

A-competitive transcription factor model for self-renewal would also 
explain the diverse events thateam affect self-renewal, Self-renewal could 
be activated in different tissues by expression of activator transcription 
factors and oncogenes, coupled with depletion of repressor transcription 
factors, Differentiation could occur when such factors do not favour 
self-renewal, Mutations in these crucial regulatory genes, which encode 
the transcription factors, could lead to subtle changes in the stoichi: 
‘ometry ofa competitive transcription-factor complex, favouring either 
self-renewal or differentiation, Alternatively, parallel developmental 
signalling pathways could be activated, coupling to the intrinsic cel 
specifictranscriptional network and thereby changing the stoichiometry 
‘ofthe complexes involved in self-renewal. 

Anattractive extension to this model is for competition to occur 
between different transcription factors with independent biological func- 
tions, such as competition between a transcriptional regulator of the cell 
cycle and a transcriptional regulator of differentiation. For example, the 
‘transcriptional inhibitor 1D1 blocks differentiation along the myeloid line- 
age by inhibiting E-box transcription factors from binding to DNA, but 
the transcription factor GFII protects against congenital neutropenia (lack 
‘of neutrophils). Both factors have been associated with self-renewal, as 
determined by carrying out HSC transplantation assays in mice in which 
the corresponding genes have been deleted only from HSCs". Further- 
‘more, transcription-factor complexes that are crucial for self-renewal may 
integrate developmental pathways: forexample, BMP-mediated signalling 
isknown tobe involved in the regulation of ID1 function”, 

Although self-renewal might be regulated differently in each tissue, 
there are certain transcription factors, such as ZFX, that can regulate 
the self-renewal process in multiple tissues”. ZEX has been found to 
function in ES cells and HSCs to maintain self-renewal. In ES cels, this 
involves an anti-apoptotic pathway. After conditional inactivation of 
2fxin HSCs, the HSCs fail to compete with wild-type bone marrow in 
competitive transplantation experiments. There might also be other 
factors that stimulate common pathways in a variety of tissues. 


Conclusion 
Some of the biological aspects of the self-renewal of HSCs have now 
been detailed (Box 1). But researchers have long searched for the molec- 
ular features that endow stem cells with the property of self-renewal. 
Several years ago, two research groups put forward the idea that all 
populations of stem cells might have common gene-expression signa- 
tures”. The word ‘stemness’ was attached to that signature. Initially, 
the concept of stemness involved a set of genes that were common to 
neural stem cells, HSCs and ES cells. As the field grew, other stem-cell 
populations were studied. The small overlap of the genes in ‘stemness’ 
signatures described by many research groups suggested that the con- 
cept was invalid. 

‘The gene-expression patterns of stem cells are likely to be distinct in all 
tissues, but it will be useful to compare the pathways that are necessary 
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and sufficient for self-renewal in a variety of organs. Studying stem 
cells in various species could also be useful. One possibility is thatthe 
signalling pathways that control self-renewal are conserved, with the 
combinatorial competition between transcription factors providing the 
functional basis of stemness! . 
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Wound repair and regeneration 


Geoffrey C. Gurtner', Sabine Werner’, Yann Barrandon* & Michael T. Longaker’ 


The repair of wounds is one of the most complex biological processes that occur during human 


» After 


an injury, multiple biological pathways immediately become activated and are synchronized to respond. 
In human adults, the wound repair process commonly leads to a non-functioning mass of fibrotic tissue 
known as a scar. By contrast, early in gestation, injured fetal tissues can be completely recreated, without 
fibrosis, in a process resembling regeneration. Some organisms, however, retain the ability to regenerate 
tissue throughout adult life. Knowledge gained from studying such organisms might help to unlock latent 
regenerative pathways in humans, which would change medical practice as muchas the introduction of 


antibiotics did in the twentieth century. 


In the moments after an injury occurs, various intracellular and inter: 
cellular pathways must be activated and coordinated if tissue integrity 
and homeostasis are to be restored, Cellular components of the immune 
system, the blood coagulation cascade and the inflammatory pathways 
are activated in addition, Many types of cell — including immune cells 
(neutrophils, monocytes, lymphocytes and dendritic cells), endothelial 
cells, keratinocytes and fibroblasts — undergo marked changes in gene 
expression and phenotype, leading to cell proliferation, differentiation 
and migration’. If this response is successful and the injury does not 
result in the demise of the organism, these processes must be shut down 
in a precise sequence in the ensuing days as recovery progresses. 

Given the complexity of the wound repair process it is remarkable 
that it rarely becomes uncontrolled and that malignant transfofmation’ 
isan uncommon event in the wound environment, For most injuries, 
repair results in once functional tissue becoming a patch of ells (mainly 
fibroblasts) and disorganized extracellular matrix (mainly collagen) 
that is commonly referred to asa scar. Surprisingly. in some eukary- 
organisms, the response to injury can completelyrecapitulate the 
original tissue architecture, through the poorly understood process of 
regeneration, Humans have this ability during pfematal development, 
but it islost during adult life’. How regeneration occursand why humans 
lose this ability remain a mystery’. In this review, we provide an overview 
‘of how multicellular organisms respond to tissue loss, highlighting areas 
in which developmental pathways have been used to foster tissue regener- 
ation, Recent advances in epithelial stem-cell biology and developmental 
biology have begun to elucidate the pathways that need to be reactivated 
to effect regeneration in humans. 


Clinical burden of fibrosis 
In general, the wound repair process occurs in almost all tissues after 
exposure to almost any destructive stimulus. Thus, the sequence of 
events that follows a myocardial infarction (heart attack), for example, 
is remarkably similar to that following a spinal-cord injury, a burn or 
a gunshot wound, despite the different types of insult and the different 
‘organs affected. Likewise, scar formation that occurs during wound 
repair leads to similar tissue dysfunction wherever it takes place. 

In the case of myocardial infarction, the formation of myocardial scar 
tissue is thought to result in congestive heart failure (a condition in which 


the heart cannot supply the body’ tissues with enough blood) and/or 
abnormal heart shythms (arrhythmias) (see page 322), which together 
account for neatly 100,000 deaths each year in the United States alone", 
In addition, cirrhosis ofthe liver and some forms of fibrosis of the lungs 
are thought to result from fibrotic responses to toxin-mediated injury", 
Interestingly, in other circumstances, the liver is one of the few organs 
in the human body that can regenerate up to 70% of itself without scar 
formation, Why the liver regenerative capacity manifests only in some 
cases remains incompletely understood, A leading hypothesis is that 
the immune system is involved in the switch between regeneration and 
fibrotic healing, because human fetuses, which heal without scarring, 
have immature immune systems", 

Healing by fibrosis, instead of regeneration, places a huge burden 
on public health, The total economic cost of diseases that result from 
fibrosis is difficult to calculate precisely but is of the order of tens of 
billions of dollars''. Importantly, dysfunctional healing often causes 
lifelong disability, which has. significant economic impact". Thus, if 
fibrotic healing processes can be transformed into regenerative ones, in 
which the original tissuesare restored, this would considerably improve 
human health. 


Wound repair across phylogeny 
The ability to respond to injury and to repair tissue is a fundamen- 
tal property of all multicellular organisms. But there is tremendous 
diversity in how this process occurs, Studying wound repair in various 
phyla could improve our understanding of wound repair in humans 
and might help to identify molecules or pathways that can be targeted 
to restore the lost regenerative capacity. 

‘The most primitive multicellular organism and the common ances- 
tor of modern multicellular organisms is the sponge. Although wound 
repair has not been studied extensively in sponges, recent work on cel- 
lular patterning in these organisms has provided insight into the origin 
of embryonic patterning in metazoans. Patterning refers to the three- 
dimensional orientation of cells in an organism and is probably required 
for tissue regeneration. Itis generally not thought to be involved in tis- 
sue repair with scarring. Sponges are simple organisms without a body 
axis, multiple layers of cells, or tissues" *, Adult sponges have highly 
adaptable body shapes and lack an anteroposterior axis of symmetry, 
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butembryonic and larval sponges have both an anteroposterior axisand 
radial symmetry. Certain soluble factors — WNT proteins and trans- 
forming growth factor-B (TGF-B) — together are required to pattern 
the embryonic sponge cells, and a hedgehog-like cell-surface sign 
hedgling”, is also produced in overlapping patterns with the WNT 
proteins and TGF-B. 

Similarly, in Drosophila melanogaster, morphological events that 
occur during development, such as dorsal closure” and tracheal fusion”, 
have a remarkable visual similarity to wound repair in humans. Unlike 
sponges, D. melanogaster has a complex, craniocaudal asymmetry in the 
adult stage. In addition, in D. melanogaster embryos, the same molecular 
machinery is used in these morphological developmental events and 
to close an epithelial gap in a wound™. That these intracellular signal- 
ling pathways and cell-adhesion pathways are highly conserved across 
species and components are present after injury in other multicellular 
organisms, including humans, indicates that the patterning cues for 
multicellular organization are present in the wound environment in 
adults but are not fully functional”, 

‘To examine the involvement of developmental pathways in wound 
repair more directly, morphogenetic events involving tissue movement 
have been used as models of wound repair. The two most commonly 
‘used models are dorsal closure in D. melanogaster embryos and ventral 
enclosure in Caenorhabditis elegans, both of which involve the elimin- 
ation of epithelial gaps, In D. melanogaster, it seems that JUN amino- 
terminal kinase (JNK) signalling and the subsequent activation of the 
transcription factor activator protein 1 (API) in leading-edge epithelial 
cells, together with tight regulation of the associated cell division and 
cell-cell adhesion, are crucial for successful closure”. As discussed later, 
this process is analogous to the re-epithelialization (the recreation of an 
Intact keratinocyte layer) of mammalian wounds, again emphasizing the 
common foundation of tissue repair across phylogeny. 

Wound repair in amphibians has been the focus of recent excitement 
because of the relatively close relationship between these organisms 
and mammals and because of their remarkable ability to regenerate 
amputated appendages through the formation ofa blastema, which isa 
mass of undifferentiated cells capable of regeneration. After wounding, 
differentiated cells in the mature tissues that surround theaimputated 
region dedifferentiate into mononuclear blastemal cells that cant prolif 
sate and have the potential to differentiate into multiple cell types"™™. 
hese cells then regenerate the limb through a process thatmirrors 
embryonic development. Nerve stimulation is important or maintain 
Ing this regenerative state”. Recently, it has been shown in salamanders 
that nAG, a member of the anterior-gradient protein family, is produced 
by the Schwann cells of transected nerves and interacts with Prod 1 on 
the surface of blastemal cells, promoting their protifération”. However, 
if the nerves proximal to the blastema (that is, near the spinal cord) are 
transected, then the blastema fails to undergo limb regeneration, and the 
cells fail to redifferentiate; therefore, wound repair occurs instead of limb 
regeneration. Similarly, planarians are simple animals that lack complex 
‘organ systems but can fully regenerate an intact organism from a minor 
remnant (as little as 1/289) ofthe original organism. Once again, undif- 
ferentiated cells (neoblasts) collect atthe injury site and form a blastema, 
which can regenerate organ systems and tissues”. In planarians, 
thought that up to 20% ofall cells are committed to the regeneration 
of adult tissues. 

Manimals have retained much of the molecular machinery used 
by organisms such as salamanders, but their regenerative potential is 
only limited. In part, this seems to result from the rapid interposition 
of fibrotic tissue, which prevents subsequent tissue regeneration. For 
example, when the spinal cord of mice is injured, neurons begin to grow, 
but glial cells atthe site of injury stimulate scar formation, preventing 
recovery. However, if the mouse spinal cord is cut so that scar formation 
ishindered, the neurons reconnect”. This rapid interposition of scar 
tissue probably confers a survival advantage by preventing infectious 
‘microorganisms from invading the wound and by inhibiting the con- 
tinued mechanical deformation of larger tissues (a process that could 
compound the initial insult). To manipulate the wound repair process 
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Figure 1 | Classic stages of wound repair. There are three classic stages 
‘of wound repair: inflammation (a), new tissue formation (b) and 
remodelling (a, Inflammation. This stage lasts until about 48h after 
injury. Depicted is askin wound at about 24-48h after injury. The wound is 
‘characterized by a hypoxic ischaemic) environment in which a fibrin clot 
hhas formed. Bacteria, neutrophils and platelets are abundant in the wound. 
Normal skin appendages (such as hair follicles and sweat duct glands) are 
still present in the skin outside the wound. b, New tissue formation. This 
stage occurs about 2-10 days after injury. Depicted isa skin wound at about 
5-10 days after injury. An eschar (scab) has formed on the surface of the 
‘wound. Most cells from the previous stage of repair have migrated from 

the wound, and new blood vessels now populate the area. The migration 
‘of epithelial cells can be observed under the eschar.¢, Remodelling. This 
stage lasts fora year or longer. Depicted is askin wound about 1-12 months. 
after repair. Disorganized collagen has been laid down by fibroblasts that 
‘have migrated into the wound. The wound has contracted near its surface, 
‘and the widest portion is now the deepest. The re-epithelialized wound is 
slightly higher than the surrounding surface, and the healed region does 
not contain normal skin appendages. 
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in mammals so that it shifts towards regeneration will probably require 
the ability to slow the rapid fibrotic response so that multipotent cells, 
such as stem or progenitor cells can allow tissue regeneration rather 
than scar formation, 


Classic stages of wound repair 

In all organ systems, the normal mammalian response to injury 
occurs in three overlapping but distinct stages: inflammation, new 
tissue formation, and remodelling (Fig. 1). The first stage of wound 
repair — inflammation — occurs immediately after tissue damage, and 
components of the coagulation cascade, inflammatory pathways and 
immune system are needed to prevent ongoing blood and fluid losses, 
to remove dead and devitalized (dying) tissues and to prevent infec 
tion. Haemostasis is achieved initially by the formation of a platelet 
plug, followed by a fibrin matrix, which becomes the scaffold for infil: 
trating cells. Neutrophils are then recruited to the wound in response 
to the activation of complement, the degranulation of platelets and the 


Figure 2 | Wound re-epithelialization. Half of un excisional wound in skin 
is shown at about 2 days after injury. Growth factors that are known to 
stimulate wound re-epithelialization are depicted: hepatocyte grawth factor 
(HGF), which binds to MET; fibroblast growth factor 7 (FGF7) and FGF10, 
Which bind to the IIb isoform of FGF receptor 2 (FGFR2-IIIb), and ligands 
of the epidermal growth factor receptor (EGFR), such as transforming. 
growth factor-a (TGF-a) and heparin-binding epidermal growth factor 
(HB-EGE). The signalling pathways initiated by these interactions activate 
the transcription factors signal transducer and activator of transcription 3 
(STAT3) and API proteins (pink circles), which help to regulate wound, 
re-cpithelialization. This process is further promoted by peroxisome. 
proliferator-activated receptors (PPARs), which are most probably activated 
by non-saturated fatty acids. The loop indicates autocrine stimulation, 
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products of bacterial degradation™ (Fig. 1a). After 2-3 days, mono: 
cytes appear in the wound and differentiate into macrophages, Mac 
rophages are thought to be crucial for coordinating later events in the 
response to injury, but the importance of neutrophils and macrophages 
in wound repair is incompletely understood. Recent data suggest, how. 
ever, that a deficiency in either cell type can be compensated for by the 
redundancy in the inflammatory response”, In the absence of both 
cell types, the repair of small wounds can still occur, and the scarring 


response is even less™ 

The second stage of wound repair — new tissue formation — occurs 
2-10 days after injury and is characterized by cellular proliferation 
and migration of different cell types. The first event is the migeation 
of keratinocytes over the injured dermis (the inner layer of the skin) 
(Fig. 1b). New blood vessels then form (a process known as angiogen 
esis), and the sprouts of capillaries associated with fibroblasts and mac 
rophages replace the fibrin matrix with granulation tissue, which forms 
a new substrate for keratinocyte migration at later stages ofthe repair 
process. The keratinocytes thatare behind the leading edge proliferate 
and mature and, finally, restore the barrier function of the epithelium. 
The most important)positive regulators of angiogenesis” are vascular 
endothelial growth factor A (VEGFA) and fibroblast growth factor 2 
(EGF2;also known as bFGF), For example, the application of VEGFA 
alone to wounds in ananimal model of diabetes (in which wound repair 
is dysregulated) can normalize healing”. Angiogenesis can also result 
from the recruitmentof bone-marrow-derived endothelial progenitor 
cells, although the magnitude of this contribution is small — at least in 
non-ischaemie wounds (in which the concentration of oxygen is nor: 
mal)” (Fig. 1b). In the later part of this stage, fibroblasts, which are 
attracted from the edge of the wound or from the bone marrow are stim 
ulated by macrophages, and some differentiate into myofibroblasts”. 
Myofibroblasts are contractile cells that, over time, bring the ed 
wound together. Fibroblasts and myofibroblasts interact and produce 
extracellular matrix, mainly in the form of collagen, which ultimately 
forms the bulk of the mature scar" 

The third stage of wound repair — remodelling 
after injury and lasts for a year or more. During this stage, all of the 
processes activated after injury wind down and cease. Most ofthe endo. 
thelial cells, macrophages and myofibroblasts undergo apoptosis (that 
1s, programmed cell death) or exit from the wound, leaving a mass that 
contains few cells and consists mostly of collagen and other extracel 
lular-matrix proteins (Fig. 1c). Epithelial-mesenchymal interactions 
probably continuously regulate skin integrity and homeostasis". And 
there must be additional feedback loops to maintain the other cell 
types in the skin. In addition, over 6-12 months, the acellular matrix 
isactively remodelled from a mainly type III collagen backbone to one 
predominantly composed of type I collagen”. This process is carried 
out by matrix metalloproteinases that are secreted by fibroblasts, mac 
rophages and endothelial cells, and it strengthens the repaired tissue. 
However, the tissue never regains the properties of uninjured skin”. 
Interestingly, vertebrates such as zebrafish (Danio rerio) and C. elegans 
do not produce either of these collagen types; their extracellular matrix 
consists entirely of type VI and type XVII collagens”. This finding 
suggests a degree of evolutionary plasticity that is not observed in the 
earlier stages of wound repair. 


‘Molecular mechanisms of wound repair 

Following the observation that genes that are regulated in response to 
skin injury are functionally important for the wound repair process, 
DNA-microarray studies were carried out to identify such genes across 
the genome" These studies showed that the gene-expression pattern 
of healing skin wounds strongly resembles that of highly malignant 
tumours“, highlighting the importance of functional genomics studies 
for research into wound repair and cancer. The generation and analysis 
of genetically modified mice provided insight into the roles of some of 
the genes regulated during wound repair. In addition, the observed 
similarities between the cell movements that occur during dorsal clo- 
sure in D. melanogaster embryos and the healing of mammalian skin 
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‘wounds, together with the establishment of wound repair models in 
D, melanogaster”, have allowed the genetically tractable D. melanogaster 
system to be used for identifying and functionally characterizing the 
molecuiles involved in wound repair, particularly in re-epithelializa- 
tion, Many of the steps in wound repair are poorly characterized at the 
molecular level at present, so in this section we discuss recent data that 
reveal the underlying molecular mechanisms of re-epithelialization, a 
major event in the phase of new tissue formation (second stage). 

The proteins invotved in re-epithelialization include various extracel: 
lular-matrix proteins and their receptors, proteases (including matrix 
metalloproteinases), cytoskeletal proteins, and enzymes that regulate the 
cellular redox balance. The functions of these proteins in wound repair 
have been described in a recent review". Other proteins thatare knows 
to be involved include growth factors and hormones, and we focus on 
the role of these proteins and their downstream targets in the repair of, 
the injured epidermis (the outer layer ofthe skin) and the dermis (Fig. 2 
and Table 1), 


Peptide growth factors 
‘One molecule that is particularly important in fe-epithelialization is 
hepatocyte growth factor (HGF), which exerts its function by binding 
to and activating MET, a receptor tyrosine kinase". Interestingly, mice 
in which the gene encoding MET had been deleted from keratinocytes 
showed strongly delayed re-epithelialization in response to skin wounds, 
and the cells that eventually covered the Wounds in these mice were 
found to have escaped the recombination event in which Met was deleted 
and therefore still expressed MET™. This result was unexpected, because 
it was known that other growth factors are involved in re-epithelializa- 
tion, but it is clear that these factors cannot compensate for a lack of 
HGF-mediated signalling. Other growth factors that positively regulate 
te-epithelialization include members of the FGF family and the epider. 
‘mal growth factor (EGF) family. In addition, certain peptide growth 
factors, most notably TGF-B, negatively regulate re-epithelialization. 
In terms of the FGF family, ligands for the IIIb variant of FGF recep- 
tor 2 (FGFR2-IIIb), in particular, contribute to wound repair. This is 
shown by the strong delay in re-epithelialization that occurs in transgenic 
‘mice expressing a dominant-negative mutant of FGFR2-IIIb in kerat- 
inocytes. The mutant receptor binds to FGF but cannot transduce the 
signal". The most important FGFR2-II[b ligands, the functions of which 
‘were abrogated in these mice, ae likely to be FGE7 and FGF10 (ref. 46). 
In support ofthis idea, mice that lack dendritic epidermal T cells, which 
are a potent source of FGF7 and FGF10 (ref. 47), show decreased 
keratinocyte proliferation and wound closure after injury. 
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Many of the ligands for the EGF receptor (EGFR) are expressed at 
higher levels after skin injury, and one of these, heparin-binding EGF, 
has been shown to have a functional role in re-epithelialization (Fig, 2), 
However the large number of EGFR ligands at the wound site probably 
allows functional redundancy; therefore, ascertaining how the EGF fam- 
lly contributes to the wound repair process will require studies in mice 
inwhich the Egfr gene is knocked out justin keratinocytes. 

‘These positive regulators of re-epithelialization (that is, HGF, FGFs 
and EGFs) are ligands of receptor tyrosine kinases, the activation of 
which most often stimulates keratinocytes to migrate, proliferate and 
survive. Some of these processes are mediated by AP1-family members 
and by another transcription factor, STAT3. These factors are activated 
in response to signalling through various receptor tyrosine kinases, as 
well as in response to cytokine-receptor activation. Loss of API pro: 
teins or API components impaired dorsal closure and wound repair 
in D. melanogaster". Recent studies suggest that AP1 proteins have a 
similar role in mammalian wound repair” although some of their func- 
tions are probably masked by redundancy between the various members 
of the mammalian AP1 family®. STAT3, however, is clearly involved in 
re-epithelialization, because epidermis-specific deletion of Stat3 in mice 
was found to retard epithelial repair after wounding” 

In contrast to these mitogenic growth factors, TGF- isa negative regu- 
lator of wound re-epithelialization. Re-epithelialization was shown to 
be strongly accelerated in mice expressing a gene encoding a dominant- 
negative TGF-f receptor in the epidermis” and in mice lacking the tran- 
scriptional regulator SMAD3, one of the main targets of TGF--mediated 
signalling”. Surprisingly, the TGF-B-family member activin, which also 
signals through SMAD3, does not inhibit keratinocyte proliferation at 
the wound site but, instead, promotes proliferation. This effect, however, 
is probably mediated through the mesenchyme’, further highlighting 
the importance of epithelial-mesenchymal interactions in the wound 
repair process. 


Hormones and other factors 
In addition to peptide growth factors, several low-molecular-mass 
mediators are regulators of wound re-epithelialization, For example, the 
hormone acetylcholine and its receptors are produced by keratinocytes, 
resulting in an autocrine loop that both positively regulates migration 
(through muscarinic acetylcholine receptors of the M4 subtype) and 
negatively regulates migration (through M3 receptors)". Keratinocytes 
also produce hormones known as catecholamines (including adrenaline) 
and their receptors, resulting in the inhibition of re-epithelialization in 
‘an autocrine manner™. 


a7 


(©2008 Nature Publishing Group 


Figure 3| Epithelial stem-cell-mediated skin regeneration. To examine 
‘which cell types contribute to epidermal renewal single multipotent stem 
cell was isolated from a whisker follicle of a rat, labelled with a retrovirus 
carrying lacZ (which encodes f-galactosidase), expanded in culture and 
transplanted into newborn mouse skin". The skin was biopsied 7 months 
later, and the tissue section shown indicates f-galactosidase activity (blue) 
aand cell nuclt (pink), The progeny of the labelled stem cell contributed 10 
‘several hair follicles and sebaceous glands (blue) but not to the epidermis; 
it should be noted thatthe follicles are in telogen (resting phase). Hence, 
‘air-follcle stem cells do not contribute to long-term epidermal renewal, 
‘and the epidermis contains its own stem cells Seale bar, 100 um. (Image 
courtery of 5, Claudinot, Centre Hospitalier Universitaire Vaudois, 
Lausanne, Switzerland.) 


Unexpectedly, polyunsaturated fatty acids and fatty-acid derivatives 
that activate peroxisome-proliferator-activated receptors (PPARs) 
have also been found to be important regulators of re-epithelialization. 
Expression of PPAR-a and PPAR-B (also known as PPAR-S) is increased 
in keratinocytes after skin injury” (Fig, 2). Upregulation ofexpression of 
the gene encoding PPAR-p and of as-yet unidentified ligands is achieved 
through the actions of pro-inflammatory cytokines, whichin turn: 
vate API proteins through the stress-activated proteinkinase signalling 
cascade, This is functionally important, because micein which the gene 
encoding PPAR- was knocked out showed a significantly reduced rate 
of re-epithelialization, and this defect resulted from reduced migration 
and increased apoptosis of keratinocytes”. PPAR. B increases cell sur- 
I by upregulating expression of the genes encoding integrin-linked 
kinase and 3-phosphoinositide-dependent protein kinase 1, which in 
turn phosphorylate and activate the anti-apoptotic protein AKT”. 

Finally,an unexpected recent finding is that electrical signals lso reg- 
ulate wound re-epithelialization". Its well known that disruption of an 
epithelial layer generates an endogenous electric field in a lateral plane. 
‘This field was found to be an important directional cue for the migration 
of keratinocytes in response to wounding of a monolayer in vitro. The 
receptors and signalling molecules shown tobe involved include EGFR, 
4,8 integrin, phosphatidylinositol-3-OH kinase-y and the phosphatase 
PTEN**, This mechanism regulates repair of the injured cornea and 
‘might have a similar role in wounded skin". 

Itis clear, therefore, that a variety of factors, including physical fac- 
tors, can activate the intracellular signalling pathways that, ultimately, 
reguilate the various steps of wound re-epithelialization. 


Epithelial stem-cell biology 
During re-epithelialization, renewal of the epidermis is required to pro- 
vide keratinocytes, which then migeate and cover the healing wound. 
Similarly to other lining epithelia, such as those atthe surface ofthe eye 
and the gut, the epidermis constantly and rapidly renews itself, a process 


that allows homeostasis and the maintenance of proper tissue function. 
‘This involves the proliferation of epidermal stem cells. Stem cells are 
defined by their capacity to self-renew for an extended period of time 
(like cancer stem cells) and their ability to differentiate into mature, 
adult cells. Stem cells can be defined as pluripotent (capable of form- 
ing all the cell types of the body, including germ cells) or multipotent 
(capable of forming many cell types). Asis the case in haematopoiesis, 
‘multipotent epithelial stem cells can be distinguished from multipotent 
progenitor cells only by a combination of clonal analysis and serial long. 
term transplantation experiments" By using this approach, it has been 
confirmed unambiguously that the upper permanent region of the hair 
follicle below the sebaceous glands (commonly referred to asthe bulge 
or the niche) contains multipotent progenitor cells" (Fig, 3). The same 
experimental approach has also indisputably shown the presence of 
multipotent stem cells outside the bulge, confirming previous results 
indicating that stem cells are not exclusively located in the bulge". 

‘Tissue stem cells can also broaden their capacity to form various lin- 
‘eages in response to physiological stimuli or injuries, a property that has 
great potential for regenerative medicine approaches. It has been argued 
that the epidermis isrenewed by multipotent progenitor cells or stem 
cells generated in, and migrating from, the hai-follice bulge", Undoubt 
edly, multipotent stem cells from the bulge can contribute to epidermal 
repaic™, but this oceurs only when a wound cannot spontaneously repair 
itself through the migration of epidermal cells from the neighbouring 
unwounded epidermisor from the infundibulum, the portion ofthe hair 
follicle between the epidermis and the sebaceous gland (Fig. 3). Indeed, 
the infundibulum — which can extend deep into the dermis, up to several 
hundred micrometres in human hair follicles — contains distinct epider- 
maland hair-follicle territories (Fig, 3). Furthermore, genetic analyses 
have confirmed that the epidermis is self-renewing and that it does not 
depend on cells generated from multipotent stem cells of the hair fol- 
licle™™* Finally, ineage-tracing studies in mice have revisited the classic 
concept that epidermal renewal is based on a hierarchy of stem cells and 
transient amplifying cells”, in support of the hypothesis that epidermal 
renewal relies on a single independent population of proliferative cells 
during normal homeostasis. 

Another consideration is that the features of stem cells ae still under 
debate, and this therefore influences experimental design and interpret- 
ation, Quiescence has been thought to be an important property ofall stem 
<ells.so retention of label (indicating that cells are not actively dividing) 
has ong been an indispensable criterion for the identification of epithelial 
stem cells". However, there is now compelling evidence that stem cells 
can divide rapidly in some tissues but might not in others. Recently it 
was shown that intestinal stem cells — as identified by expression of Ler5 
(which encodes eucine-rich-repeat-containing G- protein-coupled rece 
tor5,a transmembrane protein downstream of the WNT-mediated si 
naling pathway) —are rapidly cycling”. Together with the observation 
that haematopoietic stem cells do not necessarily retain label”, these find- 
ings have led some researchers to reconsider quiescence as a key feature 
‘of stemness’s hence, the absence of label-retaining cells, as is the case for 
the expression of differentiation markers, does not preclude the presence 
of'stem cells in a tissue. Ultimately function is the only property that can 
properly identify stemness. This could explain why mouse corneas can 
self-renew in the complete absence of limbus, the transitional zone at the 
junction of the conjunctiva and the cornea, which is thought to contain 
the corneal stem cells. The identification of all cells that can function as 
stem cells is certain to influence future strategies for wound repair and 
tissue regeneration. 

Adult corneal cells exposed to embryonic dermis can be induced to 
form hair follicles”. This finding, together with the observation that 
NOTCH1-deficient corneal epithelium forms an epidermis when 
wounded” indicates that epithelial cells have some plasticity, a prop- 
erty that has important clinical implications. Indeed, cultured grafts of, 
epithelium obtained from the oral cavity have been used to reconstruct 
human corneas”. Advances in stem-cell biology have implications for 
improving skin therapies outside the traditional domain of wound 
repair. For example, the recent finding that stem cells from an individual 
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can be genetically engineered and then permanently engrafted in the 
individual for the treatment of incapacitating hereditary skin diseasesis 
a considerable step forward’, It not only shows that ex vivo gene therapy 
is feasible but also brings new hope to patients with chronic wounds 
for which conventional wound repair therapy has failed. Despite such 
successes, there is much to accomplish before stem cells can be safely 
‘manipulated to reconstruct the function of the skin and other stratified 
epithelia fully. 

In addition, the capacity to massively expand multipotent epithelial 
stem cells in culture, together with a better understanding of the 
epithelial-mesenchymal interactions that control hair-follicle mor- 
phogenesis’*”, opens the door to the ex vivo reconstruction of skin 
appendages. In this regard, a recent report of spontaneous generation 
of hair follicles in the healing skin of adult mice emphasizes that WN 
‘mediated signalling is important for skin morphogenesis and repair” 
and provides hope that hair follicles can be newly generated. But de novo 
hair-follicle morphogenesis, which is known to occur in some species 
(for example, in deer during antler growth), has never been observed in 
‘humans, Of equal importance isthe inductive role of dermal papilla cells 
in hair-follicle genesis and their relationship to the neural crest". Der 
‘mal papilla cells can express markers of adipogenic, chondrogenic and 
‘osteogenic differentiation and can even form neurosphere-like spheres 
(which express markers of neuronal differentiation when cultured in 
the appropriate conditions). Therefore, dermal papilla cells seem to be 
functionally related to mesenchymal cells isolated from other tissues 
(for example, the adipose tissue or the bone marrow). Understanding 
the molecular control of epithelial and mesenchymal stem-cell fate will 
allow the design of new strategies for wound repair: for example, strat- 
egies to enhance the migration of stem cells, to induce the formation of 
epidermal appendages (such as hair follicles and sweat duct glands) and 
to decrease scarring™”™". 


‘Towards tissue regeneration in humans 

In humans, problems with wound healing can manifest as either delayed, 
‘wound healing (which occurs with diabetes or radiation exposure) 
‘or excessive healing (as occurs with hypertrophic and keloid sears) 
Excessive healing is characterized by the deposition of largeamounts 
of extracellular matrix and by alterations in local vascularization and 
cell proliferation. ‘These excessive fibrotic reactions manifestin humans 
as.a'bad scar: Many such instances of ‘overhealing’ produce large dis- 
figuring masses that can physically distort surface structures (such as 
the nose or eyelids). These commonly occur after major injuries such 
as burns, in which case they are referred to as hypertrophic scars. They 
can also appear for unknown reasons after a relatively minor trauma, 
asis the case for keloid scars, which might have a genetic basis’. Much 
interest has been generated by the observation that increased amounts 
of TGE- are found in wounds that heal by scar formation as opposed to 
tissue regeneration as seen in bad scars”. This finding has led to clini 
cal efforts to block scar formation with antibodies and small molecules 
directed against TGF- and other pro-inflammatory mediators". Recent 
evidence also suggests that changes in the physical environment might 
result in overhealing, by affecting the mechanical environment of the 
cells in the wound”. 

Although tremendous strides have been made in delineating the myriad 
{factors involved in normal and pathological tissue repair, these findings 
have not led to substantial advances in patient care. Ithas become clear 
that single-agent therapies, such as administration ofa growth factor, have 
only a moderate impact on wound repair in a clinical setting, most prob- 
ably because of the considerable plasticity and redundancy of the compo- 
nents of the wound repair process or because of their rapid degradation 
at the wound site. 

‘The ultimate solution to both underhealing and overhealing is likely 
to be administration of cells that retain the ability to elaborate the full 
complexity of biological signalling, together with the environmental cues 
that are needed to regulate the differentiation and proliferation of these 
cells, Previous attempts have used part of this approach (for example, 
the administration of cultured keratinocytes or fibroblasts), but until 
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Figure 4 | Potential therapies for reducing scar formation during wound 
repair. To manipulate wound repair to become more regenerative than 
scar forming, strategies include the use of biomimetic scaffolds, the 
‘manipulation of the mechanical environment (for example, neyative- 
pressure wound therapy to increase healing) or the electrical environment, 
the administration of small molecules, the use of gene-therapy approaches, 
and the use of cell-based strategies (including administration of epithelial 
‘stem cells). All ofthese elements have been demonstrated to have an effect 
‘on in vitro and in vivo models of wound healing as single-agent therapies. 

in theory, many of these elements could be combined to recreate a receptive 
‘environment (or Soil} to promote regeneration. Combining these with the 
appropriate stem cells (or seed’) will undoubtedly alter the result of wound 
healing in humans, 


now it has not been possible to provide both ‘seed and soil’ in the same 
therapeutic agent. Recent advances in stem-cell and progenitor-cell 
biology have resulted in the isolation and characterization of skin pro- 
{genitor cells in mammals. In parallel, advances in material science have 
made it possible to deliver extracellular or intracellular signals precisely 
in the appropriate temporal and spatial sequence". One such approach 
isillustrated in Fig. 4. Adult epidermal progenitor cells (obtained from 
skin samples or standardized cell lines) are placed into a biomimetic 
matrix that reproduces the environment present during prenatal growth 
and development, when tissue regeneration occurs. Components of the 
environment include optimized mechanical stress and oxygen tension, 
and extracellular-matrix proteins, Afier grafting to the injured site these 
progenitor cells can themselves provide the proper sequence of extracel- 
lular factors to accelerate tissue repair and regeneration. Using cells to 
integrate environmental signalsand transduce them into biological effec- 
torsislikely to be crucial for new approaches to the ubiquitous problem 
of fibrotic wound repair. Thus, researchers and doctors stand at the dawn 
‘ofa new era in which cell function can be controlled and regulated in 
linical situations. . 
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Stem-cell-based therapy and lessons 


from the heart 


Robert Passier’’, Linda W. van Laake '* & Christine L. Mummery’? 


The potential usefulness of human embryonic stem cells for therapy derives from their ability to form any cell 
in the body. This potential has been used to justify intensive research despite some ethical concerns. In parallel, 
scientists have searched for adult stem cells that can be used as an alternative to embryonic cells, and, for the 


heart at least, these efforts have led to promising results. However, most adult cardiomyocytes are unable to 
divide and form new cardiomyocytes and would therefore be unable to replace those lost as a result of disease. 


questions — for example, whether cardiomyocyte replacement or alternatives, such as providing the 


damaged heart with new blood vessels or growth factors to activate resident'stem cells, are the best approach 
—remain to be fully addressed. Despite this, preclinical studies on cardiomyocyte transplantation in animals 
and the first clinical trials with adult stem cells have recently been published with mixed results. 


Embryonic stem (ES) cells from mice and primates can differentiate 
into any cell type in the adult body". The potential for using differenti 
ated human ES cells to treat degenerative disease and injuries has long 
been evident. However, the ethical debate that ensued from human ES 
cell derivation requiring the destruction of human embryos caused 
antipathy in many countries, and it prompted huge efforts to find 
alternative approaches that could use adult stem cells or progenitor 
cells instead. In terms of investment, the National Institutes of Health 
spent USS2.5 billion on stem-cell research in the period 2004-2007, 
of which only $150 million was on human ES-cell research (http:// 
www.nih.gov/news/fundingresearchareas.htm). 

Ithas been assumed that if enough correct cells can be generated, they 
would be able to replace ces that have been lost ordamaged by disease. 
‘This concept is particularly pertinent for the heart, where new heart mus- 
le cells (cardiomyocytes) should be able to restore contractile function 
after a heart attack (myocardial infarction). It would also be useful for the 
pancreas, where new B-cells could secrete insulin in response to glucose 
after transplantation into people with diabetes, and in the central nerv: 
‘ous system, where transplantation of appropriate neurons into the brain 
could restore dopamine production in patients with Parkinson's disease. 
In addition, transplanting stem cells into the spinal cord would allow new 
neurons to restore motor function in people with spinal-cord injuries 

Independently of the ethical issues, however, human ES-cell research 
has encountered many obstacles on its route to the clinic. These include 
the risk of forming a teratoma, a benign tumour containing mixtures 
of disorganized, but identifiable, tissues such as cartilage and bone. 
‘Teratomas are caused by the presence of contaminating undifferentiated 
cells if they are inadvertently co-transplanted with differentiated cells. 
Another risk isan immune response, which would destroy transplanted 
cells not matched with the recipient. Other obstacles to be overcome 
are ensuring the clinical compliance of culture reagents so that they do 
not, for example, contain animal reagents possibly contaminated with 
viruses or prions and, as has emerged more recently with publication of 
preclinical transplantation studies in disease models in animals, problems 
of cell survival in grafts and difficulties with proper integration into the 


host tissti The risk of teratoma formation is specific to human ES cells 
and human iiduced pluripotent stem (iPS) cells, which were recently 
derived by direct reprogramming of skin fibroblasts toa pluripotent state 
(in which they can give rise to all the cell types of the body) (Box 1), 
whereas postnatal or adult stem cells could in principle be used directly, 
Without predifferentiation or culture, although poor integration and sur 
vival in host tissues would still bea problem. Adult stem cells could also 
be used autologously. (These stem cells are from the patient’s body and 
therefore there would be no immune rejection after transplantation.) If 
derived from a stem-cell-rich source such as the bone marrow or cord 
blood, they may not need expansion in culture before use, thus avoiding 
‘exposure to animal-derived reagents and preventing the development of 
chromosomal abnormalities’, which can occur if cells become stressed. 
‘These advantages have led to rapid clinical application of autologous 
adult stem cells. 

Here, we review the status of research on cell transplantation in 
experimental animals and humans, We focus on stem cells that have 
been tested for cardiac therapy. These cells have been largely derived 
from haematopoietic sources such as the bone marrow and the blood 
because they are arguably the most advanced in terms of transplantation 
into animals and clinical trials. We also consider cells that have been 
isolated and cultured from the adult heart; these have the properties 
of fetal cardiac progenitor cells, even though their direct role in heart 
regeneration in vivo has yet to be unequivocally established (Fig. 1). 
Wealso discuss the current state of transplantation of cardiomyocytes 
derived from human ES cells in clinically relevant animal models for 
‘cardiac disease, because the challenges are relevant to transplantation 
of cardiomyocytes from any stem-cell source to the adult heart and, 
indeed, of transplantation of differentiated cells into a variety of organs 
and tissues. 


Stem cells in fetal and adult hearts 
‘The heart has limited intrinsic regenerative capacity. Damaged and dis- 
eased cardiomyocytes are removed largely by macrophages and replaced 
by scar tissue surrounded by poorly contractile survivors. Myocardial 
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In 2006, it was shown, by Kazutoshi Takahashi and Shinya Yamanaka®, 
{forthe first time that overexpression of only four proteins — OCT4, SOX2, 
Mycand KLF4— in mouse embryonic or adult fibroblast cultures could 
generate pluripotent stem-cel-like cells (see figure), ust a year later, the 
‘same group™ and aanother group, led by James Thamson™, succeeded 
independently in generating human induced pluripotent stem (iPS) 

cells from adult skin fibroblasts. Thomson's group used overexpression 
‘of OCT4 and SOX2, in combination with two other proteins, NANOG. 

‘and Lin28, instead of Mycand KLF4. In both studies, iPS cells showed 

the essential characteristics of ES cellsn terms oftheir morphology, 
cell-surface markers, gene-expression profiles and telomerase activity 
Furthermore iPS cell clones could be maintained in culture for several 
‘months at least and could be induced to differentiate into derivatives ofa 
three embryonic germ layers both in vitro and n vivo in mouse teratomas. 
Reactivation of Myc increased tumorigenicity in chimaeric mice derived 
from mouse iPS cells, and a modified protocol was developed that did 

‘not require activation of Myc ineither mouse or human cells". Thus, 

it became feasible to generate iPS cells from fibroblast cultures from 
patients (with genetic defects corrected itnecessary), and these cells 
‘could then, in principle,be induced to differentiate ito a variety of patient- 
specific celltypes, allowing transplantation without the risk of immune 
rejection (see figure) 

Recently. Jacob Hanna and colleagues" provided a proof of principle for 
iPS-cell-based treatmentin'combination with genetic repair ina mouse 
‘model or sickle-cellanaemia, a genetic blood disorder. Tal-tiptbroblasts 
from these mice wereinfected with OCT4-, SOX2-, KLF4- and Myc- 
‘expressing viruses to generate iPS cells. Myc copies were then deleted by 
usingthe recombinase Cre.) Subsequent homologous recombination in 
theiPS cells and.correction ofthe genetic defect by the wild-type human 
variant rescued the phenotype; haematopoietic progenitor cells that were 
“derived from these cells formed aggregates (knowns embryoid bodies) 
in culture and were able to rescue the anaemic mice after transplantation, 
‘and the mice were cured. This experiment was the perfect combination of 
cell and gene therapy. 

‘These studies open up exciting prospects for the treatment of various 
kenetic diseases and other abnormalities that might benefit from cell- 
based therapy. However, the present methods for generating iPS cells. 
require genetic integration by retroviruses or lentiviruses, even though 
‘oncogenes, such as Myc, no longer seem to be necessary™. Furthermore, 
in terms of transplantation, the issues of celintegration, survival and 
safety still need tobe addressed. The more immediate applications of 
‘human iPS cells ae likely to be the creation of human models of human 
disease in vito for studying the underlying molecular mechanisms of 
disease, for screening drug candidates, and for assessing drug safety and 
toxicity (see figure). 


{infarction and other substantial orlong-term injuries can lead to heart 
failure, which is fatal within 5 years for 65% of patients. It has long been 
assumed that the reason for poor regeneration of the adult heart was the 
absence of endogenous progenitor cells. Over the past few years, how- 
ever, cell populations expressing stem-cell marker proteins such as Kit 
stem-cell antigen 1 (SCA1) and multidrug resistance protein 1 (MDR1) 
have been identified in the human and/or mouse heart (Box 2), albeit 
in minuscule quantities (see ref. 3 for a review). 

Although the initial evidence for an adult stem-cell or progenitor-cell 
population in the adult heart, which could potentially be harnessed for 
cardiac repair, was initially welcomed with enthusiasm, scepticism has 
since grown. These Kit-expressing cellsin tissues of solid organs, inclu- 
ding the heart, are thought to have left the bone marrow in minuscule 
quantities to scavenge pathogenic molecules in peripheral tissues as part 
of a mechanism to promote a local innate immune response’. They are 
not then actual heart cells but bone-marrow cells out of place. In addition, 
‘many of the cells expressing Kit that were detected in biopsied samples 
ofadult human heart were recently reported to co-express markers of 
‘mast cells (cells of the immune system) and to lack expression of cardiac 
transcription factors NKX2-5 and islet 1 (Ist1)’, crucial markers of the 
cardiac progenitor cell state in fetal hearts™. These cellsare therefore not 


cardiac progenitor cells at all In vivo lineage tracing in mice will be essen- 
tial to resolve issues ofthe origin, identity and fate of these Kit-expressing 
cells as well as others expressing stem-cell marker proteins in the adult 
‘heart and their ability to contribute to endogenous repair. 


Adult stem cells and transplantation into the heart 
‘The idea that certain stem cells can transdifferentiate into cell types 
‘outside their normal lineage has been raised only recently. In these 
reports, genetically marked postnatal cells injected into non-transgenic 
host animals were able to acquire the expression of tissue-specific mark- 
cers The first apparent transdifferentiation of bone-marrow cells into 
cardiomyocytes was described shortly thereafter. Injection of green 
fluorescent protein (GFP)-marked bone-marrow cells from donor 
mice into the hearts of wild-type mice resulted in co-expression of car- 
diac proteins and restored heart function in mice that had suffered a 
myocardial infarction’. Given the unmet clinical need for therapy for 
patients with myocardial infarction and heart failure, this technique was 
‘quickly translated for use in patients, and the first randomized clinical 
trials were completed within 5 years. 

‘As more reports on the outcome of bone-marrow-<cell trials become 
available (see ref. 10 for a review), itis becoming unclear whether this 
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Figure 1 | Transplantation strategy for cardiac repair. Adult stem cells, 
cardiac progenitor cells or human ES-cell-derived cardiomyocytes 

are isolated and injected into the heart of immunodeficient mice 

that have had a myocardial infarction. At different time points after 
transplantation, cardiac function is analysed by using magnetic 
resonance imaging, ultrasonography or ventricular pressure-volume 
loops. To determine cell survival, phenotype and integration, hearts are 
isolated after transplantation, and transverse heart sections are wsed 
for immunostaining with specific fluorochrome-conjugated antibodies 
(cardiomyocytes are identified by antibodies specific for a-actinin), 
followed by confocal microscopy. 


approach provides any significant benefit. Although some early non- 
controlled pilot studies were unaniméusly positive with respect to 
improved cardiac function, the outcomes of recent randomized con- 
trolled trials have failed to produce the same outcome as in patients in 
non-controlled, non-randomized studies, especially after longer follow. 
up times. Patients who received injections of various numbers of cells 
from different cellular fractions of their own bone marrow had either no 
increase in the ejection fraction (the fraction of blood within the (let) 
ventricle ejected during one contraction) or, ifthey did, an increase 
that did not exceed 5% (refs 11-14), the minimum change required 
for long-term improvement of symptoms and survival’™*. By contrast, 
parameters such as infarct remodelling’ and exercise capacity", which 
‘may be more indicative of long-term outcome, were positively affected 
bybone-marrow-cell treatment, at least forthe first 4-6 months. Patients 
‘with the largest infarcts generally benefited the most'*'*_ 

Efforts to repeat the earlier studies that involved injecting bone- 
‘marrow cells into mice with a myocardial infarction failed to confirm 
transdifferentiation as the mechanism underlying the apparent expres- 
sion of cardiac markers by bone-marrow cells, but they indicated, 
instead, that bone-marrow cells could fuse at a low frequency with 
host cardiomyocytes and express both sets of markers”. Whether 
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transdifferentiation takes place in humans is more difficult to inves- 
tigate, but it would seem unlikely. The original results may also have 
been influenced by autofluorescence from scar tissue and/or dead cells”, 
The consensus now is that any improvement in cardiac function after 
bone-marrow-cell transplantation is likely to be the result of preserva- 
tion of ischaemic myocardium (myocardium deprived of oxygen) by 
paracrine action from the transplanted cells, as opposed to an increase 
in the number of contractile cells by replacing those lost after dam- 
age. This hypothesis, that transplanted cells secrete factors beneficial 
for myocyte survival and blood-vessel formation, is supported by evi- 
dence from studies in rodents and larger mammals showing induction 
of neovascularization and rescue of ischaemic myocardium?” and 
physiological benefit without the formation of stable grafts contain- 
Ing the transplanted cells”. Ithas been suggested that engraftment of 
multipotent cells (which can form many cell types) such as mesenchymal 
stem cells may carry risks of unwanted cell types forming in vivo, One 
report described bone and cartilage formation in the heart after trans- 
plantation”, although this could have been calcification resulting from 
injection of foreign tissue. 

When it became apparent that functional improvement is not neces 
sarily correlated with cellengraftment, attention turned to using animal 
models to investigate the mechanisms involved in the improvement 
(see ref. 29 for a review). Many cell types, derived from tissues as varied 
as cord blood, adipose tissue and peripheral blood, behave similarly to 
bone-marrow cells after being injected directly into the heart or travel 
ling to the ischaemic site after intravenous injection, and therefore any 
reported improvements in cardiac function are likely to be mediated 
predominantly by paracrine effects™. For example, transplantation 
of multipotent adult progenitor cells, a cultured bone-marrow-cell- 
derived population reported to differentiate into derivatives ofall germ 
layers (the three cell layers that give rise to all cells of the adult body), 
improved cardiac function through the release of inflammatory and 
vascular growth factors, again in the absence of permanently engrafted 
cells". Thymosin- 4 (a small actin-binding protein that activates 
Integrin-linked kinase and promotes cardiac cell migration and sur 
vival) has been reported to affect the migration of, and vascularization 
‘by, an endogenous epithelial progenitor-cell population recently identi- 
fied in human epicardium”, These epithelial cells were as effective in 
the short term asany others in restoring post-infarct function, reducing 
dilatation of the heart chambers and increasing ejection fraction in 
immunodeficient mice receiving the cells", In this context, iti of inter 
est that spontaneous cardiac regeneration in zebrafish after removal of, 
the apex (the lowest part of the heart) is initiated by reprogramming 
of the epicardium to change its fate and replace all of the missing apex 
as though it had never been removed™, 

‘Taken together, these data indicate that infarcted hearts benefit from 
transplantation of numerous cell types that are not retained or do not 
form cardiomyocytes. No adverse events in patients have been linked 
with transplantation itself, so the procedures seem safe. Therefore, even 
ifthe benefits are short term, there may nevertheless be value to patients. 
Understanding the underlying mechanisms may help in refining fac. 
tors such as the cell number and cell type to optimize these effects. By 
contrast, transplantation of cells that do not form grafts may no longer 
benecessary ifparacrine effects can be reproduced by administering the 
secreted active components. 

Inall studies, the choice of controls for comparison with the test sam- 
ple iscrucial. Whether scientists use no injection, the fuid in which cells 
are normally suspended alone or control-cell populations that are not 
relevant to the mechanism under study is likely to affect the outcome 
and conclusions of any study considerably (Table 1). 


Myocytes and cardiac repair 
The great challenge of using cardiomyocytes to replace functional myo- 
cardium once it has been destroyed remains. This is especially impor- 
tant for restoring long-term function to prevent or reverse heart failure, 
which is the main aim of cardiac-cel therapy, The newly formed muscle 
will provide passive mechanical support but, more importantly, it will 
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‘The discovery of dividing cells that resemble immature cardiomyocytes 
inthe zone bordering an infarct border zone suggested thatthe 

adult heart contains stem cells although the origin ofthese cells 

\was unclear", Antonio Beltrami and colleagues" subsequently 

isolated alineage-negative (Lin’, acell population that lacks the! 
immunophenotypic antigens that define mature peripheral blood-cell 
lineages) Kit-positive cell population from the heart ofadult mice that 
\was clonogenic (they are clones of one another), self-renewing and 
capable of differentiating into cardiomyocytes, vasculacsmooth muscle 
cells and endothelial cells both in vitroand inivo™ (See figure). Later, two 
other groups reported the isolation of adult cardiac stem cells trom mice 
on the basis of expression of stemcell antigen 1(SCA1) or exclusion 

of Hoechst dye (because ofthe presence of the ATP-binding cassette 
transporter ABCG2)""”, These dye-excluding cells are also referred to as 
side population (SP) cells because oftheir profiles after sorting by tlow 
cytometry. These three populations of cells (Kit" cells, SCAT’ celisand SP 


cells) from the adult heart differ phenotypically andin their expression of 
cell-surface markers”. Their exact relationship to embryonic cardiac 
progenitor cells that have been found in the fetal heart®" is unknown 
(see ref 3 for areview). 

To determine whether such endogenous cardiac progenitor cells, 
are presentin the human heart, scientists isolated a heterogeneous 
population of cells from biopsied human atrial and ventricular samples 
by using a mild enzymatic digestion. From the tissue pieces, clonal, 
‘multicellular clusters of cells formed in suspension culture, and these are 
referred to.as cardiospheres™. Cardiospheres consist of proliferating Kit" 
stem cells in the core and cells expressing cardiac (myosin heavy chain, 
troponin | and atrial natriuretic peptide) and endothelial-cell (KDR: 
also known as FLKI) and CD31) markers on the periphery. n addition, 
cardiospheres express stem-cell markers CD34 and SCAI (mouse). 
Cardiospheres can be passaged and frozen, but the cardiomyocytes 
derived from these will beat only ifthey are co-cultured with neonatal 
ratcardiomyocytes. More recently, cardiosphere-derived cells with 
improved isolation and expansion efciencies have been generated 
from biopsied endomyocardial samples from the right ventricle of adult 
patients; however, these cells Were stil isolated as a mixed population 
without cel sorting orantigenieselection”” By contrast, several studies, 
have identified an endogenous Kit” cell population that could be 
selected from cardiac tissue by using a kit-specific antibody”, These 
cells have been termedhhuman cardiac stem cells. n contrast to human 
cardiospheré-derived cells, human cardiac stem cells express multidrug 
resistance protein 1(MORI; also known as ABCBI)"*"®, These studies 
describe another cardiac progenitor-cell population characterized by 
the présence of the marker MORI. itis unclear whether these different 
stem-cell populations are derived from the heart or are associated with it 
through the circulation. Apart from MORI, the main difference between 
human cardiosphere-derived cells and human cardiac stem cellsis that 
cardiac stem cells express CD45 and CD133 (also known as PROM), 
C034, €045 and CD133 are al expressed by bone-marraw-derived or 
endothelial progenitor cells, which might indeed populate the heart by 
way of the circulation. 

The various celltypes that can be isolated from fetal and adult hearts by 
tow-cytometric separation of cells exposed to antibodies specific forthe 
cell-surface proteins SCAI. kit and MORI are shown inthe figure. Cardiac 
progenitor cells expressing the cardiac transcription factors NKX2-5 and 
{si may be inclided within these populations (because they are markers 
cof cardiac progenitor cells). Cardiac progenitor cells can also be isolated 
from embryonic stem cells (human or mouse) by using flow cytometry, 
it they have been genetically marked at the NKX2-S and ISL1 loci 

To repair the heart, these cardiac progenitor cells, as isolated by any of 
the procedures described, could be transplanted directly into a mouse 
heart, leading to further differentiation ofthese cells in vivo to become 
vascular smooth muscle cells, endothelial cells or cardiomyocytes (or 
a combination of all three cell types). Alternatively, cardiac progenitor 
cells could be subjected to specific in vitro differentiation protocols for 
‘generating these cell types, which could then be transplanted directly 
into the heart or transplanted after tissue engineering into mice and 
humans (Box). 


need to couple and contract in synchrony with the host myocardium 
to be effective and safe. 

‘The only myocytes or myocyte progenitor cells that have been inves- 
tigated clinically so far are freshly isolated skeletal myoblasts. These 
had been tested previously in rodent myocardial-infarction models, 
in much the same way as the non-cardiomyocytes described above. 
‘The clinical use of skeletal myoblasts, however, has been limited even 
though their administration improved the ejection fraction, because 
the myocytes that formed were unable to couple functionally with the 
host myocardium and may therefore cause arrhythmia (abnormali- 
ties in heart rhythm)”. Skeletal myoblasts and myogenic precursor/ 
progenitor cells normally mediate development and regeneration of skel- 
etal muscle. A recent study showed, however, that skeletal myoblasts 
could be engineered to express the gap-junction protein connexin 43 
(ref 37). This modification improved electrical coupling between the 


infarct region and the surrounding myocardium. Similar approaches 
have been suggested to drive cardiomyocytes towards electrophysio- 
logical maturation”, although this could also be a disadvantage for 
intramyocardial transplantation because (immature) fetal myocytes 
survive better after injection in the heart than adult cardiomyocytes”. 
It does, however, seem to be important that grafted cells are muscle 
cellsand not myofibroblasts, which can cause ectopic electrical activity, 
increasing the risk of arrhythmia”. 


Human ES cells asa source of cardiomyocytes 

‘Of.all stem-cell sources, human ES cells are among the more promising 
for realizing cardiac regeneration through cardiomyocyte replacement 
because oftheir capacity to undergo directed differentiation into genuine 
cardiomyocytes and supportive cardiac cells" in vitro fairly efficiently. 
‘These in vitro-derived cells have been characterized extensively", 
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‘Table 1| Celltransplantation studies in models of experimental myocardial infarction 


calige eee a a a 
oop iocne na 
Ne 003-05 Mouse 3-5 Presiwe-wumcloop J WEDR 7 WR, 1-2 weeks Noieclon KE BMGS 5 
hours t dP/dt (control groups pooled) 
i Macaque Directly Echocardiography tS 2weeks Saline 24 
Mesenchymal stem cells 2 Rat ‘Tdays Echocardiography 1 FS, 4 EDV. Aweeks Saline ru 
50 Pig. Directly _MRinuclearimaging ft EF. | ESV Aweeks  Noinjection 26 
‘Multipotent adult progenitor os Mouse Directly Echocardiography TEE TFS Sweeks — BMCs, fibroblasts or a 
cals aioe 
50 Pig Directly MRi,nuclearimaging ¢ EF, 4weeks Saline 7 
I Woeneretes 
EPDCs (human) OA Mouse Directly MRI $ EF 4 EDV Sweeks Medium 33 
‘Skeletal myoblasts (50% pure) 10 Rat ‘Tdays Treadmill, ex vivo +4 EDV, t LVSP, Gweeks Saline 78 
Presawe-vohmeloon_t extn tlfnce 
Skeletal myoblasts 150-750 Sheep _14days —_ Echocardiography $e y EDV Jeweeks Medium 79 
EScelis committed tocardiac — 50 Sheep — 14days_— Echocardiography t EF (relative 4 Medium 80 
lineage (mouse) change over time) 
ES-cell-derived cardiomyocytes 0.03-0.1 Mouse Directly Pressure-yolume + EF 4 EDV BMCs, fibroblasts or a 
bop nase 
1 Mouse Directly MRI TE ES-cell-derived non~ 22 
(human, 25% pure) EFC cardiomyocytes (human) 
ES-cell-derived cardiomyocytes 10 Rat 4days Echocardiography, TFS, § EDV. ES-cell-derived non~ 54 
(human, 71-95% pure) MRI ft walt cardiomyocytes (human) 
aes 
ES-cell-derived cardiomyocytes 15 Rat ‘TO days Echocardiography t ‘4weeks — ES-cell-derived non a2 
(human, <10% pure) cardiomyocytes (human) 
oie 
TE ar paools  cagn grenr i  n cn Fl crn Tata ran 
{Uhtancthermar ace ance nce beans seawacie DR a al ensnio akbar sanmcncnoenann 
Sige gg es a at rn 
thence tepayoetied tant rete 
‘The first reports of transplantation of human ES-cell-derived cardio- which cells are normally suspended Hence, cardiomyocyte-specific 


myocytes into pigs and guinea pigs demonstrated their potential 
function as biological pacemakers in electrophysiologically silenced 
or AV-blocked hearts, in which conductance between the atrium and 
ventricle has been blocked". These experiments required relatively’ 
few human ES-cell-derived cardiomyocytes (only hundreds) to exert 
their effect. Recent advances in generating human ESseellsderived 
cardiomyocytes in higher numbers (millions) mean that itis now pos- 
sible to investigate their regenerative potential. After transplantation 
into the healthy myocardium of immunodeficient Fatsor mice, human 
ES-cell-derived cardiomyocytes survived” and matured” for at 
least 12 weeks”, In all studies so far, mixtures of cardiomyocytes and 
other differentiated human ES-cell detivativeshave been injected into 
the heart, Where this has been examined in detail, preferential survival 
of cardiomyocytes over non-cardiomyocytes is usually observed, with 
non-cardiac cells lost over time without being detected in any other 
organs. Although grafted cells formed a syneytium, or connected heart 
tissue, with each other, they were usually separated from the rodent 
myocardium by a layer of fibrotic tissue. Reducing the secretion of 
extracellular-matrix proteins, which form the basis of fibrotic tissue, 
seems to be important to facilitate proper electrical coupling, because 
the presence of fibrotic patches is a major risk factor for arrhyth 

In this respect, itis notable that the transplanted cells themselves con- 
tribute to their isolation by secreting particular extracellular-matrix 
components (Fig. 2). 

‘When transplanted into the infarcted heart, human ES-cell-derived 
cardiomyocytes are the only cells that form grafts visible to the naked 
eye (Fig. 2), although in one study this depended on the addition of 
4 pro-survival cocktail”, a mixture of proteins that prevented the 
cardiomyocytes from dying after transplantation. Cardiac func- 
tion was improved at 4 weeks after transplantation in mice receiving 
human ES-cell-derived cardiomyocytes compared with those receiving 
‘non-cardiomyocyte derivatives™**". However, the rodents receiving 
human ES-cell-derived cells without cardiomyocytes also showed some 
improvement compared with animals that received only the fluid in 
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benefits were detected beyond those from non-cardiomyocyte cell 
types, but as a cautionary note, ifthe vehicle alone had been taken as 
reference, the relative functional improvements would have seemed 
much higher. 

‘Only one study so far has extended the analysis of heart function 
after human ES-cell transplantation up to 12 weeks in mice (Table 1). 
At this time point, the benefit of receiving cardiomyocytes derived from 
hhuman ES cells (in comparison to non-cardiomyocytes) was no longer 
present”, although it was still higher than for the vehicle control. Func: 
tional enhancement by human ES-cell-derived cardiomyocytes with the 
current strategies may thus be limited to mid-term at most, equivalent 
to perhaps a few months in humans, and there is no evidence that the 
underlying mechanism depends on the contractile properties of the 
transplanted cells. The paracrine mechanism that has been proposed for 
adult stem cells may also be applicable to human ES-cell-derived cardio- 
‘myocytes. Parameters that warrant further investigation include ways to 
limit extracellular. matrix formation around the graft and ways to allow 
later injection of cells, for example after the initial inflammatory phase 
when the environment may be hostile to the donor cells. The present dis- 
crepancy between mid-term and long-term results and the dependence 
of outcome on the particular control argues for careful re-evaluation of 
reported improvements by any cell type™. 

‘An important parameter in evaluating the function of human 
cardiomyocytes in rodents is the difference in their intrinsic beating 
frequency. Human cardiomyocytes beating 60-100 times per min 
ute are transplanted into a rodent heart beating 300-600 times per 
minute. Unsuccessful coupling, as demonstrated by intracellular cal- 
cium imaging”, could contribute to the failure to improve long-term 
cardiac function, By contrast, prolonged periods of tachycardia (rapid 
beating of the heart) from coupling of human ES-cell-derived ca 
myocytes to host cardiac cells may induce cardiac dysfunction. Experi- 
ments in larger animals such as pigs or primates with lower heart rates 
are needed to resolve the issue. These would preferably be ES cells of the 
‘same species or iPS-cell derivatives, which could be autologous (Box 1). 
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Studiesin large animals simultaneously willbe useful for assessing the 
risk of tumour formation by human ES cell and iPS cells because this 
may be species dependent” 

Although clinical studies using cells from different sources for trans: 
plantation are actively being pursued, itis clear that many basic ques: 
tions remain unanswered. Apart from understanding the mechanistic 
basis underlying potentially beneficial effects, the best cell type for each 
application (for example, for acute myocardial infarction versus chronic 
heart failure), the timing of cell therapy and the delivery methods in 
most cases still need to be determined, Tissue engineering“, combi 
ing tissue cells with artificial or natural scaffolds, or intramyocardial 
injection of combinations of cell types (such as cardiomyocytes and 
anglogenic cells) seem more appropriate than intracoronary 
of single-cell suspensions because the later need to align correctly and 
may cause micro-infarctions”, but much more research isnceded before 
clinical strategies can be properly defined, 


Transplanting differentiated non-cardiomyocytes 

Integration of grafts into host tissue requires the formation of blood 
vessels to supply oxygen and nutrients. Shulamit Levenberg and col: 

leagues" induced human ES cells to differentiate into endothelial cells, 
isolated them by using antibodies specific for platelet endothelial cell 

adhesion molecule 1 and demonstrated their ability to form vascular 

like structures after subcutaneous transplantation in a biodegradable 
scaffold in mice. Mouse blood cells were subsequently detected in 
some of the human blood vessels, suggesting that anastomosis, or 
the formation of connections, occurred between mouse and hun 
microvessels. This integration of human blood vessels into the host 
circulation was also observed in other studies using human ES-cell 
derived endothelial cells and smooth muscle cells", even up to 
5 months after transplantation”. In a model of hindlimb ischaemia 
in mice, an increased number of capillaries and improved perfusion 
(blood-flow) rates were also observed 2 and 4 w 
plantation with human ES-cell-derived endothelial 
thelial cells and smooth muscle cells together". Transplantation of 
haemangioblasts derived from human ES cells resulted in haemat 

opoietic cells, as well as endothelial cells, and contributed #0 repair OF 
damaged vasculature", Human ES cells have also been shown toiform 
cells that are similar to haematopoietic stem cells, with the capacity to 
form cells of the haematopoietic lineage” 

Vascular cells are important in myocardial repair for tWo reasons, First, 
neovascularization protects cardiomyocytes surrounding the infarct, 
helping to retain cardiac function. Mice with a mutated transforming, 
growth factor- receptor gene, endoglin, leading to mononuclear-cell 
defects, suffered from impaired vascularization and cardiac function after 
myocardial infarction. The defects ould be resctied by intravenous injec 
tion of healthy donor mononuclear ells but not mononuclear cells from 
patients with the same gene mutation”, These data indicate that patients 
‘with heart disease and related vascular impairments, whose mononuclear 
cells and endothelial progenitor cells often have impaired function, may 
benefit from transplantation of healthy endothelial cells, either from 
matched, heterologous human ES cells or from autologous endothelial 
progenitor cells. Second, transplanted cardiomyocytes themselves need 
an additional blood supply, particularly if fibrosis tends to isolate grafts 
from the host vasculature. Co- transplanted vascular cells may thus help 
connect the grafts to the existing vascular network. Alternatively, bi 
potent or tri-potent cardiac progenitor cells (Box 2) from human 
cells, or fetal or adult heart, may be able to form cardiomyocytes, smoot 
muscle cells and endothelial cells in situ 


Transplanting differentiated human ES cells into other tissues 
‘The central nervous system is another tissue site that has been tar 
geted for development of cell-transplantation therapies. One reason 
for this is that neural differentiation of human ES cells has been 
relatively straightforward. Many human ES cell lines spontaneously 
differentiate into neurons when grown in the absence of supporting 
feeder fibroblasts normally present to support growth and inhibit 
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Figure 2_A graft derived from human ES cells and extracellular-matrix 
production in a mouse heart.a, A mouse heart 12 weeks after the 
induction of a myocardial infarction and injection of hES3-GFP-derived 
‘eandiomyocytes (green), Scale bar, 250 um, b, A transverse section of 
infarcted left ventricle 3 weeks ater ligation ofthe coronary artery and 
transplantation of human ES3-GFP derived cardiomyocytes (green). 
Cardiomyocytes are characterized by staining with an antibody spec 
for tropomyosin. Seale bar, 300m. ¢, A section of infarcted left ventricle 

12 weeks after injection of human ES3-GFP derived cardiomyocytes 
(green), showing the production of human collagen type IV (red), Cell nucei 
are also shown (blue), Scale bar, 20 um. d, An electeon-microscopic image 
‘of human FS3-GFP-derived cardiomyocytes 12 weeks after transplantation 
ina mouse heart. lnmunogold labelling of GFP (black dots) was used 
todistinguish human and mouse cardiac cells, Exteacellular-matex (see 
arrow) proteins surround the graft, causing electrical isolation and failure 
of the transplanted cells to connect to the host (mouse) heart tissue. Scale 
bar, 300:m. Red indicates tropomyosin; blue indicates DNA; and yellow 
{indicates GFP and tropomyosin in the same cell, (Panel d courtesy of 

A. Verkleij and E. yan Donselaar, Utrecht University, The Netherlands.) 


differentiation, Furthermore, in common with cardiomyocytes 
neurons are terminally differentiated cells that cannot proliferate and 
potentially could replace dead or malfunctioning cells in the central 
nervous system. The loss of single or multiple neural cell types causes 
a broad range of neurological disorders such as spinal-cord lesions, 
Parkinson's disease (in which there isa loss of neurons that produce 
the neurotransmitter dopamine), amyotrophic lateral sclerosis (Lou 
Gehrig’s disease, also known as motor neuron disease), Huntington's 
disease (a genetic disorder that results in neuronal cell death) and 
age-related macular degeneration (a disease causing blindness). These 
diseases are thought to be good candidates for cell-transplantation 
therapy. Just as for cell therapy to treat cardiovascular diseases, the 
long-term survival, functional integration and physiological compat 
ibility of engrafted cells are important parameters for successful treat 
ment. Some studies have shown long-term (greater than 3 months) 
survival of transplanted human ES-cell-derived neurons or neuronal 
progenitor cells, in particular in rodent models of Parkinson's disease, 
although cell numbers were low and functional recovery was only 
partial. The treatment of neurological disorders with human ES-cell: 
derived cells and various other sources, including neural stem cells or 
progenitor cells from fetal brain, are reviewed elsewhere™ 
Functional integration of transplanted cells with host tissue may not 
necessarily be required for treatment of some diseases, such as liver dis 
easesand diabetes, the latter of which is characterized by the loss of insu. 
lin- producing pancreatic B-cells (type 1 diabetes) or by reduced sensitivity 
to insulin (type 2 diabetes). Efficient blood supply and, in the case of pan- 
creatic cells, release of insulin in response to glucose, may be sufficient 
for treatment of the disease. Transplantation of human ES-cell-derived 
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pancreatic cells nto the subcapsular renal space in treptozotocin-treated 
diabetic mice decreased glucose levels in the blood and increased body 
"weight. On removal of the graft, these effects were reversed”. This study 
supports the idea that transplanted pancreatic cells do not need to int- 
cegrate into pancreatic tissue to be functional. 


Towards the future 

In the years immediately after the first derivation of human ES cells, 
research focused on optimizing differentiation protocols for the cell 
type of choice, but more recently the focus has shifted towards trans- 
plantation therapies. Advances in the generation of iPS cells will prob- 
ably prompta further increase in the number of transplantation studies. 
However, for successful translation from experimental studies to clinical 
trials, many problems have to be solved. In particular, in conditions 
‘where multiple cell types have to be replaced and functional integration 
is necessary, we can learn valuable lessons from transplantation studies 
in the heart. Ithas become clear that restoration of heart function by 
replacing myocardium requires long-term integration and establish 
ment of functional connections with the host tissue, in all cases using 
multiple controls that include non-functional cells, cell-free solution 
in which cells are normally suspended, immunosuppression alone and 
‘mock injections, 

Animal experiments should include strategies to prove that trans. 
planted cells actually cause the effect observed. These could be through 
inclusion of constructs that contain conditionally expressed suicide 
xenes, These could be activated after their function has been restored 
‘with the expectation that the functional benefit would be reversed. 
Alternatively, in specific situations, grafted tissue could be removed 
after recovery, as was done in the transplantation of pancreatic cells 
Most transplantation studies have used single-cell suspensions or small, 
‘groups of cells. This is generally accompanied by extensive cell death 
and inadequate integration, Particularly in a hostile immunoreactive, 
ischaemic or necrotic environment, survival of the grafted tissue is a 
major challenge. Instead of direct injection of cells into the site of injury 
or disease, an alternative delivery method could be to seed cells ex vivo 
ona biodegradable polymeric scaffold, followed by in vivo engraftment. 
‘Three-dimensional multicellular culture systems may also fave the’ 
advantage of supporting cell proliferation, maturation and organization 
of cells more effectively. The disease or injury in question Will probably 
determine whether injection of cells or grafting tissue engineered con- 
structs is the preferred choice". 

In addition to improving delivery methods, it will beimpottant that, 
despite recent advances, further progress is made in fefining effective 
differentiation protocols that yield highly purified cell populations for 
transplantation. This could best be achieved by cell sorting using cell- 
type-specific membrane markersyalthough genetic methods using 
cell-type-specific promoter constructs driving, for example, GFP™*™ oF 
selected survival by antibiotic resistance could be alternatives for some 
purposes, As well as increasing the density of the cell type of interest at 
the site of transplantation, the use of highly purified populations will 
also minimize the chance of co-transplanting contaminating undiffer- 
entiated stem cells and hence reduce the risk of developing a teratoma. 
Furthermore, the optimal differentiation state of cells for successful 
transplantation remains to be determined. To this end, lineage-specific 
and cell-type-specific promoters could be used to select progenitor cells 
‘or more differentiated cells for comparison of effectiveness and safety in 
animal models. Approaches to identifying embryonic progenitor cells 
in mice™” may be applied to ES cells and may help to uncover new ways 
to isolate human ES cells and human iPS cells cleanly. Additional work 
in mouse ES cells will clearly be required before human ES-cell-based 
therapy can be launched in the clinic. 

{In general, mature cells have a lower proliferation rate and a lower 
survival rate after transplantation than progenitor cells. In addition, the 
microenvironment of transplanted cells often provides cues for further 
differentiation into mature cells. These issues need to be elaborated in 
future transplantation studies, which will ead to fine-tuning of ransplan- 
tation therapy and eventually to repair of diseased or damaged organs. 
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Tolerance strategies for 
stem-cell-based therapies 


Ann P. Chidgey’, Daniel Layton’, Alan Trounson't & Richard L. Boyd’ 


There is much interest in using embryonic stem cells to regenerate tissues and organs. For this approach 

to succeed, these stem cells or their derivatives must engraft in patients over the long term. Unless a cell 
transplant is derived from the patient's own cells, however, the cells will be targeted for rejection by the 
immune system. Although standard methods for suppressing the immune system achieve some success, 
rejection of the transplant is inevitable. Emerging approaches to address this issue include ‘re-educating’ the 
immune system to induce tolerance to foreign cells and reducing the immune targeting of the transplant by 
administering ‘self stem cells’ instead of foreign cells, but each of these approaches has associated challenges. 


Some of the most debilitating diseases, such as degenerative dis. 
‘eases, cannot be treated by administering single drugs or by techni: 
cal approaches, such as replacing damaged tissue. This realization has 
catalysed enormous interest in the potential applications of stem cells. 
‘The ability of stem cells to reproduce themselves (self-renew), to form 
cell lines and, more importantly, to differentiate into many cell types 
(coupled with the inherent ability of some types of adult stem cell to 
suppress the immune system) makes them an ideal focus for the treat= 
ment of diseases as diverse as inflammatory conditions and cancer, 
and for regenerative medicine, in which stem cells (or more mature 
therapeutic derivatives) are used to repair or replace damaged cells oF 
tissues, Embryonic stem (ES) cell lines, which are derived from the 
inner cell mass of the blastocyst (Fig. 1), have attracted the most atten- 
tion because of their plasticity, potentially being capable of forming 
any cell or tissue in the body. The number of protocols available for the 
directed differentiation of ES cells into cells that cam be transplanted for 
therapy is rapidly increasing. Cells of various tissues can now be gener- 
ated, including neurons and glia, cardiac muscle cells, blood progenitor 
cells, hepatocytes, retinal precursor cells lung epithelial cells and B-cells 
of pancreatic islets". But there are important ethical and safety issues 
that need to be addressed before cells derived from ES cells can be 
uused in the clinic. Crucially, unless the transplanted cells are autologous 
(derived from the patient), they will be confronted by a hostile immune 
system, as would any transplant from a foreign (that i, allogeneic, when 
from human) source, and prolonged periods of immunosuppression. 
might be required so that these cells are not rejected by the body. 

‘The most obvious way to ensure that a patient accepts a stem-cell 
transplant from a donor over the long term would be to use the patient's 
own immunological mechanisms for inducing tolerance to ‘self’ anti- 
gens (mechanisms that prevent the immune system from attacking the 
patient’ own proteins, cells, tissues and organs). These mechanisms 
could be used, ina similar way, to induce tolerance to the donor's anti- 
gens present at the surface of transplanted cells. As logical as this seems, 
however, itis highly conspicuous how infrequently this strategy has 
been applied clinically. The reason is simple: the central organ of the 
immune system that establishes and maintains tolerance to self anti- 
gens — the thymus — undergoes severe atrophy with age. Hence, the 
success of inducing tolerance toa foreign transplant in adults will rely 


mainly on rejuvenating the thymus to allow uptake of donor cells (for 
‘example, haematopoietic stem cells (HSCs)) and therefore long-term 
presentation of the donor’s antigens in the thymus, where the patient's 
‘Tells thatrecognize these antigens can be eliminated. Asan additional 
safe-guard, the donor's antigens can also induce the development of 
regulatory T (,.,) cells in the thymus. T,, cells can also be produced 
in the periphery, and these cells function together with those from 
the thymus to prevent the activation of any donor-reactive T cells that 
escaped deletion in the thymus. 

‘In addressing such issues of immunological tolerance, clinical atten 
tion has recently focused on adult stem cells. If therapies were based 
‘on autologous adult stem cells, then they would not result in rejection 
or be subject to the same ethical considerations as the tse of ES cells. A 
key practical problem with adult stem cells, however, is that they lack 
‘multipotency (the ability to form many cell types) and therefore ust- 
ally need to be sourced from the relevant target tissue. Fora particular 
patient, however, stem cells might not be present in this tissue or might 
be affected by the disease. Therefore, to reduce the immunological tar- 
geting that would occur if foreign cells were transplanted, strategies have 
been developed to produce self’ stem cells that are pluripotent: that is, 
able to form all three germ layers — the endoderm (which becomes 
the liver and pancreas), the mesoderm (heart muscle) and the ecto- 
derm (neural tissue) — and therefore give rise to all the cell types of the 
body. These approaches include somatic cell nuclear transfer (in which 
the nucleus of a cell from the patient is transferred into an enucleated 
oocyte) and the transduction of adult somatic cells from the patient by 
using retroviral constructs containing specific genes associated with 
pluripotentiality, generating cells known as induced pluripotent stem 
i) celts** (Fig. 1). 

In this review, we discuss the problem of immunological rejection for 
translating stem-cell-based therapies into the clinic, and new approaches 
to overcoming this problem. 


Immunoprivileged versus immunogenic stem cells 
Some stem cells seem to be ‘invisible’ to the host’ immune system, 
whereas others are perceived as completely foreign and will be rejected. 
What are the defining limits of these alternatives, and are they specific 
to the stem-cell ype? 
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ES cells and their derivatives 
‘One of the main concerns about transplanting human ES cells is the 
possibility of immunological rejection (see ref.7 fora review). Cells tar- 
geted by the immune system usually express major histocompatibility 
complex (MHC) molecules (known as human leukocyte antigen (HLA) 
‘molecules in humans and H~2 molecules in mice) or minor histocom- 
patibility (H) antigens. In addition, the ABO blood-group antigens and 
related blood-group antigens are highly immunogenic (that is, elicit 
strong immune responses), but they are less likely to be of concern dur- 
ing ES-cell transplantation, because ES cell lines can be selected for the 
universal donor phenotype (blood group O). ES cells might also express 
embryo-specific antigens, which would be recognized as foreign by the 
adult immune system, 

HLA class molecules are present at the surface ofalmost ll nucleated 
cells, whereas HLA class Il molecules are typically estricted to antigen- 
presenting cells (APCs, the most important of which are dendritic cells), 
as wellas other immune cells such as B cells and a subset of T cells, Both 
classes of protein can initiate an immune response through the pres 
entation of antigen to T cells. H antigens, although less immunogenic 
than HLA oF ABO antigens, can also induce rejection’. Human ES cells 
produce relatively small amounts of HLA class I molecules and no HLA 
class If molecules, but some produce H antigens’. However, the expres- 
sion of HLA class I molecules would be expected to increase if ES-cell 
differentiation follows normal developmental pathways, rendering them 
susceptible to immunological rejection, Indeed, HLA class I expression 
is upregulated in embryoid bodies’, which are three-dimensional aggre: 
gates of ES cells that have begun to differentiate. It is further increased in 
teratomas’, which are tumours that contain heterogeneous tissues and 
are formed (in this case) by implantation of undifferentiated ES cells. 
Exposure to soluble interferon-y, which is often present during infec- 
tions and inflammatory conditions, also increases HLA class I expres 
sion, not only by ES cells but also by their derivatives’. By contrast, HLA 
lags Il expression cannot be induced in this way’, and co-stimulatory 
molecules that are required for the initiation of an immune response 
(through HLA molecules) are also not expressed, consistent with the 
inability of ES cells and theie derivatives to present antigen to Ticells 
unless the BS cells differentiate into cells ofa haematopoieticlineage"™": 
Ithas been suggested that a human ES cell bank containing about 150 
‘human ES cell lines that express various combinations of HLA molecules 
‘would encompass enough variation to match the HLA haplotypes of 
‘most ofthe population; the appropriate cells could then beadministered 
together with a mild immunosuppressive regimen However, even a 
single difference in H antigen between the donorand the recipient is 
enough to facilitate rejection of a‘graft”. 

‘There is also the potential for the patieni’simmuine system to recog. 
nize and respond to fetal antigens of other antigens expressed by ES cells, 
because these antigens are not present in the thymus and therefore are 
not accepted as self antigens. Fetal antigens could be present at the sur- 
face of ES cells, leading to direct immune attack. or they could be shed by 
ES cells and captured by the patient's APCs, which would present them 
to the immune system in a manner similar to other foreign antigens. 
In either case, the ES cells would be rejected (Fig. 2). Therefore, any 
endogenous immunosuppressive properties of ES cells, or therapeutic 
cells derived from them, cannot be relied on to enable these cells to be 
accepted by the patient, so specific strategies to induce tolerance to an 
ES-cel-based transplant are required. 


‘Adult stem cells 
In contrast to ES cells, autologous adult stem cells are ideal for trans- 
plantation because they are not rejected. Placenta-derived stem cells 
such as human amnion epithelial cells have been shown to have ES- 
cell-like properties, including the potential to form all three germ layers 
in vitro™. Importantly, unlike ES cells, these cells do not form teratomas 
when transplanted". They are therefore a useful source of stem cells for 
cell transplantation and for regenerative medicine approaches, free of 
the controversial ethical issues and the possible safety concerns associ- 
ated with ES cells. Furthermore, they could be used in an autologous 
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Figure 1) Sources of stem cells. Stem cells can be produced and/or 
isolated froma variety of sources. a, Embryonic stem (ES) cell Hines are 
‘generated from the fusion of a sperm and oocyte, which is then grown to 
the blastocyst stage of development. The inner cell mass ofthe blastocyst 

is extracted and cultured in specific conditions to maintain the cells in an 
undifferentiated state. b Somatic cell nuclear transfer involves the removal 
‘ofthe genome of a somatic cell (from any site from an individual of any 
‘age) and the removal ofthe nucleus (enucleation) of an oocyte. The genome 
‘of the somatic cells then transferred into the enucleated oveyte, and the 
intracellular environment of the oocyte then alters the gene-expression 
pattern of the somatic ell genome so that the cell becomes a more primitive 
(less committed) cell type. ¢, Induced pluripotent stem (iPS) cel lines 

are generated by the dedifferentiation of a somatic cell, by introducing 
retroviral vectors that carry genes encoding a set of defined factors. 


transplant setting if they were collected, cryogenically preserved and. 
stored at birth for later application. In an allogeneic transplant setting 
(similarly to ES-cell-based transplants), strategies to overcome rejection 
would be required. 

The isolation of tissue-specific stem cells for expansion in vitro and 
transplantation back into the patient isthe ideal strategy. However, in 
most cases of degenerative disease itis unlikely that enough unaffected 
stem cels will be isolated, necessitating the use of stem cells from an alo 
‘geneic source. Furthermore, stem-cell maintenance and function dete- 
riorate with normal ageing: there are alterations in cell-fate specifi 
expansion capacity, telomere length and lifespan, all of which affect 
‘whether autologous stem cells can be used (see ref. 16 for a review). Age 
can also affect the ability of the recipient’ stem-cell niches to harbour 
and support the self-renewal of tissue-specific stem cells, both endog- 
‘enous stem cells and transplanted ones (see ref. 17 for a review). Thus, 
enhancing the regenerative potential of aged stem-cell niches before 
transplantation would be of great clinical benefit. 

In terms of their immunogenicity, adult stem cells are more difficult 
to classify uniformly than ES cells, in part because of the diversity of, 
their sources and the heterogeneity of cell typesin each source. In adults, 
multipotent stem cells known as tissue-specific stem cells reside in a 
variety of organs and tissues and mediate homeostatic maintenance, 
repair and regeneration. Transplantation of one type of adult tissue- 
specific stem cell — neural stem cells — has been studied widely as a 
potential regenerative therapy, owing to the poor regenerative capacity 
of the central nervous system. Initially, it was thought that the central 
nervous system was an immunoprivileged site (that is, a site where 
‘normal immune responses to foreign agents do not occur), but it has, 
since been shown that this is not always the case. Neural grafts can be 
rejected if there isa local inflammatory condition that facilitates the 
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Figure 2 Direct and indirect rejection ofa transplant. Allogeneic transplants 
‘can be rejected directly or indirectly, a, Direct rejection involves either 
APCs that were transplanted from the donor or their precursors that have 
differentiated into APCs after transplantation. When a donor APC comes 
into contact with a recipient cell that recognizes one of the donor APC's 
HLA molecules and/or donor-derived antigen, this APC initiates activation 
the recipient T cell through the ligation of co-stimulatory molecules (such 
CD80 oF CD86 with CD28, and CD40 with CD40 ligand). b, Indirect 
rejection occurs through the shedding of antigen from transplanted cells or 
tissues, These antigens are taken up by recipient APCs, which then present 
the foreign antigen to recipient T cells This can result in the activation of 
‘donor-teactive recipient T cells, which then destroy the graft. 


entry oflymphocytes"™", Although neural stem cells express oily small 
amounts of HLA class I molecules, HLA class I expression is upregulated 
in response to pro-inflammatory signals and when these cells differenti- 
ate into neurons”, Similarly, muscle progenitor cells, which have shown 
much promise for the treatment of patients with degenerative muscle 
diseases such as muscular dystrophy, express HLA élass I molecules 
and can be induced to express HLA class II molecules"™™":Accordingly, 
transplantation of muscle stem cells was of limited therapeutic value 
in clinical trials’, a failure that was ater attributed, in part, to rapid 
immunological rejection of the transplant in theabsence of immuno- 
suppression. Therefore, in an allogeneic setting, the engraftment of 
adult tissue-specific stem cells will almost certainly require strategies 
to induce immunological tolerance to the céls and thus overcome the 
problem of rejection. 

One type of adult stem cell that might be immunoprivileged, asa result 
‘of endogenous immunosuppressive properties, is the mesenchymal stem 
cell (MSC). MSCs were fist isolated from the bone marrow asan adherent 
fibroblast-like population’ and have now been identified in many tissues, 
including umbilical-cord blood™, the placenta”, fat and amniotic fuid™. 
‘They are defined by the presence or absence of specific cell-surface mol- 
‘ecules, their self-renewal capacity and their ability to form bone, fat and 
cartilage (see ref 30 for a review). Using autologous MSCs to restructure 
damaged bone has had some clinical success", but it has not yet been 
clearly shown whether MSCs durably engraft in an allogeneic host. There 
however, rapidly growing body of literature on using MSCs to treat 
individuals with diseases for which anti-inflammatory and/or regenerative 
‘outcomes are beneficial”. Transplantation of MSCs clearly benefits some 
patients, but the effects are equivocal in many others. A more exhaustive 
linical evaluation is required to define accurately the optimal cell type, 
cell dose, conditioning of the patient before the transplant, subsequent 
treatment regimen and safety requirements fora successful MSC-based 


transplant; many phase I, Il and Ill trials are in progress to address these 
issues. To optimize the clinical application of MSCs, it willalso be crucial 
to determine the mechanisms underlying their engraftment. 


Avoiding rejection through ‘natural’ immunosuppression 
MSCs have also attracted interest because of the possibility of harness 
ing their immunosuppressive properties. In vitro, MSCs inhibit the 
activation and proliferation of T cells, which are mediated, at least in 
part, by various soluble factors, including transforming growth factor- 
B, prostaglandin E, and indoleamine 2,3-dioxygenase™. Even though 
MSCs express HLA class I molecules™, and even though HLA class I 
expression can be induced with interferon-y, MSCs do not initiate an 
allogeneic response in vitro™”, and they are not rapidly rejected in vivo. 
However, the clinical potential of these immunosuppressive properties 
isa matter of speculation, because most data have been obtained from in 
Vitro studies, If MSCs are shown to be immunosuppressive in controlled 
in vivo settings, then transplantation of MSCs together with an alloge- 
neic graft (allograft) might facilitate the acceptance of stem-cell-based 
therapies, including ES-cell derivatives. 


Enhancing self-tolerance foracceptance of stem-cell therapies 
Immunological self-tolerance has two facets: central (or thymic) toler 
ance (Box 1) and peripheral (oF non-thymic) tolerance. Central toler 
ance involves the negative selection of T cells (that is, the intrathymic 
deletion of T cells that display an antigen receptor with a high affinity 
for selfantigens) and the generation of T,., cells. Peripheral tolerance is 
a consequence of inappropriate co-stimulation after T cells have exited 
the thymus, Which results in T-cell anergy (that is, non-responsiveness) 
oF TygeCell induction, instead of T-cell activation”. 

Both central tolerance and peripheral tolerance are logical targets for 
inducing the acceptance of foreign grafts, including stem-cell-based 
therapies, Manipulating central tolerance would be an ideal approach: if 
‘a donor folerant’ immune system could be generated by physically delet- 
ing the relevant donor-reactive T cells intrathymically (before the T cells 
exit to the blood), then this would avoid the need for the long-term, non. 
specific immunosuppressive regimen that is currently used to suppress 
peripheral T ces. However, central tolerance depends on two fundamen- 
tal conditions: that antigen (in this case, donor-derived antigen) can enter 
the thymus for presentation to, and deletion of, developing T cells that 
recognize the antigen; and that the thymus is functioning sufficiently to 
generate a new repertoire of T cells. The issue of antigen access to the 
thymus can be overcome to some extent through transplanting donor 
HSCs or ES-cell-derived HSCs" (discussed below), but addressing thymic 
function is problematic. Its well recognized, yet paradoxical (given the 
continued need for our immune system throughout adulthood), that the 
thymus becomes severely atrophied early in life, process that is clearly 
evident by puberty (concomitant with the increase in production of sex 
steroids) (see ref. 38 fora review). Given that most degenerative conditions 
occur late in life, major consideration when attempting to induce toler- 
ance to transplants is the need to reactivate the thymus in adult patients 
to facilitate its functional involvement. As an adjunct to improving cen- 
tral tolerance, strategies for manipulating peripheral tolerance to ensure 
complete prevention of allograft rejection should also be considered, Both 
approaches are discussed in this section. 


Introducing donor-derived antigen into the thymus 
HSCs or their immediate progenitors have preferential access to the 
thymus, so the induction of tolerance through HSC transplantation (or 
bone-marrow transplantation) is the subject of intense investigation. 
Early studies by Suzanne Ildstad and colleagues” showed that trans- 
plantation of HSCs into young animals, in conjunction with depletion 
‘or ablation of the recipient's immune system, led to engraftment of the 
HSCs and ultimately to the coexistence of donor and recipient haemat- 
‘opoietic cells (known as mixed chimaerism). After HSC engraftment, 
APCs of donor origin migrate to, or (more probably) develop within, 
the thymus and contribute to the negative selection of donor-reactive 
‘T cells, resulting in tolerance to that donor, In addition, T,,, cells of 
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donor origin can be generated in the thymus, and they then popu- 
late the periphery, contributing to peripheral-tolerance mechanisms. 
Furthermore, in rats, ES-cell-like cells have been to shown to induce 
tolerance after transplantation, but only in animals with a competent 
thymus", providing important proof of principle that ES-cell-based 
therapies are possible if there is sufficient thymic function. In these 
animals, tolerance is probably induced by the intrathymic derivation 
of dendritic cells or their progenitors from the ES cells. 

Another strategy would be to co-transplant ES-cell-derived HSCs or 
APCs with therapeutic cellular products derived from the same ES cells 
(for example, neural cells) (Fig, 3) to establish bone-marrow and thymic 
chimaeras. In theory, these ES-cell-derived APCs (such as HSC-derived 
dendritic cells either derived in vivo or developed in vitro) would migrate 
to the thymus and present donor-derived antigens to developing cells, 
tendering the recipient tolerant to the ES-cell derivatives. Richard Burt 
etal,” have shown that known differentiation factors can promote ES 
cell lines to differentiate into HSCs, The engraftment of these ES-cell- 
derived HSCs in allogeneic recipients was not associated with signs of, 
Bgraft-versus-host disease, a state in which donor T cells can attack host 
tissue. Furthermore, using in vitro assays, bidirectional T-cell tolerance 
‘was demonstrated. Interestingly transplantation of ES-cell-derived HSCs 
could also ameliorate autoimmune disease in an immunodeficient mouse 
‘model of diabetes" Itis not known whether secondary cellular or tissue 
allografts (that is, ES-cell-derived cells or tissues, such as neural cells or 
pancreatic islet cells) would be accepted, but in vitro data suggest that 
they would, Strategies for allogeneic adult stem-cell engraftment could 
follow the same principle as this ES-cell-based approach: transplanting 
donor HSCsto induce central tolerance to tissue-specific stem ces from 
the same donor, 

Recently, clinical proof of principle was obtained for this strategy to 
Induce central tolerance. A girl of 9 years of age (and therefore with 
robust thymic function) was given a liver allograft and acquired com- 
plete haematopoietic chimaerism and tolerance". Presumably, enough 
HSCs were fortuitously present in the liver to enable their migration, 
to, and engraftment in, the bone marrow and full chimaerism between 
donor and recipient after thymic uptake of HSC derivatives. The subse 
quent production of donor dendritic cells that present donor-derived 
n to developing T cells in a competent pre-pubertal thymus pre~ 
sumably led to complete tolerance to the donor tissue.,Theimportance 
‘of a functional bone marrow and thymus is crucial for the success of this 
strategy, as they are needed to provide an environment conducive to the 
engraftment and development of HSCs. 

‘The stem-cell niche in the bone marrow is acomplexand specialized 
microenvironment that provides the signals and growth factors that are 
required for HSC maintenance, controlled division lineage comm 
‘ment, haematopoietic and lymphoid lineage differentiation, and migra~ 
tion, Any compromise to this microenvironment asa result of ageing or 
cytoablative preconditioning regimens directly affects the trans-marrow 
‘migration of transplanted donor HSCs, theirattachment to the stem-cell 
niche and, subsequently, their development. Therefore, the ideal strategy 
‘would be to optimize the conditions for successful engraftment, particu- 
larly for patients of more than 50 years of age, before transplantation. 
For example, one of the crucial components ofthe stem-cell niche in the 
bone marrow, the osteoblast population (which lines the endosteum), 
hhas been a target for therapeutic manipulation. In animal models, pre- 
treatment with human parathyroid hormone led to an enlargement of 
the HSC pool, as well as protection against damage induced by cyto- 
ablative preconditioning by chemotherapy and an improvement 
engraftment of the bone-marrow transplant", offering the possibility 
‘of improving chimaerism with donor cells in ageing patients. 


Restoring the ageing thymus fortolerance induction 
‘The human thymus remains functional, albeit highly compromised, 
throughout adulthood, but it slowly involutes from as early as 2 years 
of age, with accelerated atrophy associated with puberty. By 40-50 years 
of age, it generally has less than 10% of its maximal cellular volume”. 
This correlates with a reduction in the export of newly derived naive 


Box 1, The thymus and its role in transplant immunology 


‘One of the crucial requirements for the induction of tolerance 

to self antigensis having a fully functional thymus that receives 
haematopoietic stem cells (HSCs) and progenitor cells committed to 
the lymphoid lineage fram the bone marrow. 

The thymus comprises two functionally distinct areas — the cortex 
‘and the medulla — that each contains distinct stromal cells known as 
‘thymic epithelial cells (TECs). Progenitor cells from the bone marrow 
enter the thymus atthe cortico-medullary junction and undergoa 
‘series of differentiation and proliferation events as they interact with, 
‘and migrate in a directed manner through, the intrathymic niches in the 
cortex. In this location, after the cells have differentiated into T cells, 
they undergo lineage restriction (that is, commitment to the CD” 

‘or CDB’ T-cell fineage) and positive selection, a process in which the 
only cells selected to survive are those that produce a functional T-cell 
receptor that interacts with low avidity to self peptide presented by 
cortical TECs (cTECS). 

The selected CD4" and CDB" T cells continue to migrate through 
to the medulla, where they undefgo negative selection and further 
‘maturation events before exiting into the periphery as mature, self- 
tolerant T cells. Negative selection is mainly mediated by HSC-derived 
dendritic cells, which present self peptides in the context of MHC 
‘molecules to developing Tells they migrate into the medulla, This 
process results inthe deletion of T cells that bind with high avidity 
(Gee ret. 81 forareview)sthus eliminating any potentially autoreactive 
T celts. However, not all self antigens are presented by these dendritic 
cells. Thus,in addition, under the direction of the transcription factor 
AIRE, specialized mature (CDBO") medullary TECs (mTECs) further 
purge the emerging naive T-cell repertoire of autoreactive cells. They 
doo by expressing and then presenting numerous self antigens 

| that are found in the periphery but not in the thymus, such as tissue- 
‘specific and sequestered self antigens (including myelin components, 
tb-insulin and tissue-specific collagens)®", These AIRE-producing 
cellsare only a minor subset of the mTEC population; they produce 
large amounts of MHC class ll molecules (denoted mTEC")" and 

‘are mature cells derived from mTEC*"CDBO' cells", Mare recently, 
thymic CD4°CD3 cells (known as lymphoid-tissue inducer cells) have 
been found to control the development of AIRE-producing mTECS 
‘specifically, through signals trom receptor activator of nuclear factor-xB 
(RANK) ligand". The thymus also produces regulatory T cells, which 
can suppress selt-reactive T cells that escape deletion in the thymus!" 

The outcome of these complementary tolerogenic mechanisms isthe 
‘maintenance of self-tolerance and the prevention of autoimmunity. The 
‘optimal way to induce tolerance to donor cells would be to establish 
long-term chimaerism of leukocytes (derived from both donor HSCs 
‘and host HSCs) (Fig. 3). However, the thymus atrophies with age, 

‘and itis damaged by cytoablative conditioning regimens (which are 
‘commonly administered before a transplant, to create ‘space’ for the 
‘engraftment of donor HSCs). These factors might therefore preclude 
efficient functioning of the thymus, thereby preventing the development 
‘of adequate donor-host chimaerism and subsequent long-term 
tolerance to the donor in adults. These patients would therefore need to 
receive immunosuppressive agents indefinitely. 


‘T cells and therefore imposes considerable limitations on any tolerance- 
induction strategy for use in adult patients. 

Restoration of thymic function is therefore a major clinical challenge. 
At present, several approaches are in preclinical studies or clinical trials. 
‘The first approach is to target the endocrine-immune axis by using ana- 
Jogues of luteinizing-hormone-releasing hormone (LHRH) to inhibit 
pituitary gonadotropin and sex-steroid production in adults. The sec- 
‘ond approach is to administer thymic growth factors that are known to 
decline in production with age. These factors include growth hormone, 
interleukin-7 (IL-7) and factors that induce cell-type-specific prolifera- 
tion, such as keratinocyte growth factor (KGF, also known as FGE7, 
‘which stimulates thymic epithelial cells (TECs)) (Fig. 4). 

In terms of the first approach — manipulating the endocrine- 
immune axis — we and others have shown that removal of sex steroids 
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Figure 3| Generating mixed haematopoietic chimaerism to induce 
tolerance. Immunological tolerance can be induced tow regenerative 
therapy, such asa transplant, by generating mixed haematopoietic 
chimacrism, Donor cells are shown in red, and recipient cellsare shown in 
blue, Solid arrows indicate movement; dashed arrows indicate that multiple 
differentiation events are involved. a, HSCs from an allogeneic donor will 
“engraft in the bone marrow i suitable preconditioning has been carried 
‘out. The co-transplantation of MSCs cam aid inthe development ofa graft 
Permissive environment, through cell-cell contact and/or the secretion 

‘of mmunosuppressive molecules. Afer the HSCs have engrafted, they 

can produce T-cell precursors and dendritic-cell precursors, which then 
migrate to the thymus, b, The Tell precursors enter the thymus through 
blood vessels atthe cortico-medullary junction and migrate through the 
cortex, where they undergo positive selection (not shown). They then 


markedly rejuvenates the thymus and increases bone-marrow cellular: 
ity and function within 2~4 weeks in aged mice” and after chemo. 
therapy-induced damage". These improvements were associated with 
an increase in the production of IL-7-responsive progenitor cells in the 
bone marrow and, subsequently, an increase in the export of Bcellsya8 
well as in an increase in the number of thymus-derived naive T cells 
in the blood, overall contributing to an increase in immune compe 
tence. In addition, regeneration and normalization of thymie'stromal 
cell ratios (TEC number to fibroblast number) and thymic architec: 
ture (both of which are disrupted by ageing), as well as better engraft 
ment in either an autologous or allogeneic bone-marrow transplant 
setting’™”, reflected an improvement in the quality of both the thymic 
microenvironment and the bone-marrow microenVitonment. 

Reversible inhibition of sex-steroid production can beachieved in 
humans by using an LHRH agonist (LHRH-A)sthis agent has been 
used without complications for more than 25 years, fortreating prostate 
and breast cancers, precocious puberty and endometriosis. Closely in 
line with our mouse studies™, we fotund that patients with prostate can- 
cer who were treated with LHRH.-A have increased numbers of naive 
T cells (both CD4" and CDS") that contain Tcell-receptor excision cir 
«les (a marker of recent thymic emigrants) reflecting improved thymic 
function”, Furthermore, in a pilot phase II clinical trial, treatment with 
LHRH-A similarly increased the generation of naive T cells afer either 
autologous or allogeneic bone-marrow transplantation, and improved 
HSC engraftment™ 

In terms of the second strategy — restoring the thymus by admin. 
istering thymic growth factors — preclinical studies have shown that 
KGE growth hormone, IL-7 and FLT3 ligand can augment T-cell (and 
in some cases B-cell) survival and production, KGF, which is produced 
by mesenchymal cells, binds specifically to the IIIb isoform of fibroblast 
growth factor receptor 2, which is present at the surface of TECs. In 
preclinical studies, KGF was found to restore thymic function in aged 
rodents” and to protect TECs against damage by cytotoxic therapy and 
sgraft-versus-host disease™™. In addition, when numerous doses were 
administered to rhesus macaques in a model of HSC transplantation, 
KGF increased the reconstitution ofthe thymus-dependent T-cell popu- 
lation after transplantation of autologous CD34" peripheral-blood pro- 
genitor cells". Although KGF has now been approved for the treatment 
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migrate to the medulla, where donor and recipient dendritic cells can delete 
any donor-reactive or recipient-reactve T cells. This process, known as 
‘negative selection, ensures that the T cells that exit the thymus should not 
recognize and respond to cither donor or recipient cells T,, cells are also 
produced in the medulla. Thetolerized T cells, together with donor-specific 
and recipient-specific,, cells, subsequently migrate tothe periphery €, In 
the periphery, the engraited HSC-derived donor dendritic ells (if they are 
tolerogenic) can initiate the deletion of donor-reactive T cells that have 
‘escaped thymic selection, and the", cellscan induce anergy in donor: 
reactive T cells Both a these processes promote tolerance to donor cells 
and acceptance ofthe graft, MSCs can aso aid inthe prevention of graft 
rejection by dampening the inflammatory response elicited by any T cells 
that become activated af the graft ste, through cell-cell contact and/or the 
secretion of inimunosuppressive molecules. 


of patientéwith severe mucositis caused by high-dose chemotherapy, its 
clinical significance in the context of T-cell reconstitution has yet to be 
fully demonstrated, but promising findings are emerging. 

Growth hormone has been used with limited success to treat patients 
infected with HIV, resulting in an increase in the mass of thymic tissue 
and in the number of circulating naive CD4"T cells. However, to achieve 
this, daly injections were required for 6-12 months”, and these were 
associated with severe side effects, particularly the risk of developing 
diabetes. It might therefore be practical to limit treatment with growth 
hormone to use in combination with other therapies for the regeneration 
of immunological niches and the production of lymphoid lineage cells. 

Administration of either IL-7 (ref. 60) or FLT3 ligand" has been 
shown to increase the production of lymphoid progenitor cells in the 
short term after transplantation of bone marrow into immunodeficient 
mice. In addition, IL-7 resulted in an increase in the number of naive 
T cells generated. If these results are reproduced in the clinic, then 
IL-7 might also prove to be an important adjunct to methods for thymic 
rejuvenation, such as sex-steroid ablation and administration of other 
growth factors. 


Manipulating peripheral tolerance 
Prevention of allograft rejection can be partly achieved in the periph 
ery through blockade of co-stimulatory molecule stimulation and 
through generation of tolerogenic (that is tolerance-inducing) den 
dritic cells, which suppress immune function. In an allogeneic setting, 
tolerogenic dendritic cells can prolong allograft survival (see ref. 63 
for a review). Dendritic cells cultured in the presence of MSCs were 
unable to upregulate production ofthe HLA class I molecule HLA-DR 
or of co-stimulatory molecules, and they showed reduced production 
of IL-12 and increased production of IL-10 (refs 64, 65). Hence, MSCs 
seem capable of inducing dendritic cells to enter an immature state or 
atolerogenic state, which might be an indirect mechanism of inducing 
T-cell hyporesponsiveness. 

T,|,cellsarealso a crucial component of peripheral tolerance, because 
they can effectively suppress T-cell activation. A lack of T, cells or the 
presence of defective T,., cells is strongly associated with the devel- 
opment of autoimmunity. There are several subsets of T,, cells, the 
two most studied being CD4'CD25'FOXP3' cells, which are naturally 
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occurring, and CD4'CD25"FOXP3* cells, which are induced. Induced 
‘T,cells” exert their suppressive effects mainly through the production 
of the immunosuppressive molecules IL-10 and transforming growth 
factor-B. T,,cells have been linked to the induction of transplantation 
tolerance in preclinical studies and to stable renal-allograft function in 
a separate study” In that study, four patients received, from a relative, 
a combined kidney and bone-marrow transplant with a single mis- 
‘match in the HLA haplotype”. In both studies, transient chimaerism 
‘was observed in the bone marrow, and this might have led to the elimi- 
nation of donor- reactive T cells in the thymus through the development 
of donor dendritic cells from migrating precursors, thereby accounting 
for the observed loss of in vitro activity of the recipient T cells towards 
the donor cells. Although the exact mechanism is unclear, a subsequent 
switch from deletion of T cells in the thymus to peripheral tolerance 
seems to be important, with large numbers of FOXP3" 7, cells being 
found in the renal allografts 

Dendritic cells can also induce the generation of Tg cells (see ref. 69 
for a review): allogeneic mouse dendritic ces, in combination with 
IL-2, induced the clonal expansion of FOXP3'T,,, cells” specific for 
that strain of mice. In theory, the production of dendritic cells could 
therefore be induced from ES cells, and these cells could then be used 
to generate'T,,, cells specific for those ES cells and their derivatives”. 
‘This process could occur in vivo after transplantation of ES cells or by 
transplantation of T,, cells after in vitro generation” 


Using self stem cells to reduce immune targeting of grafts 
An alternative to manipulating self-tolerance mechanisms to avoid 
rejection of allogeneic stem-cell-derived grafts has gained attention 
recently: the possibility of dedifferentiating mature autologous cells 
Somatic cell nuclear transfer (also known as therapeutic cloning) and 
the generation of iPS cells (Fig. 1) can provide stem cells that, in theory, 
have an almost identical antigenic complement to the recipient. 
‘Somatic cell nuclear transfer uses the cytoplasmic environment of an 
enucleated oocyte to reprogramme the donor genome extracted from, 
‘a somatic cell. As is the case for ES cells, the oocyte that contains the 
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Figure 4 | Generating mixed epithelial chimaerism to induce tolerance. Alter 
puberty, the thymus becomes markedly involuted, resulting in indistinct 
cortical and medullary areas and a corresponding reduction in thymic 
function, Reversal ofthis ageing-induced atrophy — through factors 

such as LHRH-A, KGF and growth hormone — can contribute to the 
regeneration of the thymus to a state resembling its prepubescent size and 
function. In combination with these therapies, thymic epithelial stem cells 
(TESCs) derived from ES cells, together with HSCs derived from ES cells, 
could be administered by intrathymic injection and intravenous injection, 


donor genomeis grown to the blastocyst stage, and the inner cell mass is 
removed and cultured to form ES cell lines. So far, genuine ES cellshave 
been developed using this technique only for mice and rhesus macaques, 
but blastocyst-stage embryos of several species, including humans, have 
been produced” ». At least some ES cell ines developed by somatic cell 
nuclear transfer do not seem to be immunogenic when transplanted into 
the donor of the nucleus, even though mitochondria are heterogeneous 
(with their own source of DNA) and therefore could, in principle, confer 
immunological differences on the ES cells, rendering them subject to 
immunological rejection (see ref. 75 for a review). The technical diff 
culties and the associated controversy over the use of oocytes, however, 
‘mean that this approach might be many years away from the clinic. 

‘More recently, surprising progress has been made in reprogramming 
adult cells to show pluripotent properties similar to those of ES cells. 
‘These cells, known as iPS cells, hold considerable promise as an indi: 
Vidualized form of therapy with self” stem cells Retroviral transduction 
ofthe genes encoding several transcription factors — SOX2, OCT, 
KLF4and Myc — induced the transformation of both embryonic mouse 
fibroblasts and adult mouse fibroblasts into pluripotent cells that resem 
ble ES cells in morphology, growth patterns and gene expression’. The 
resultant cells were able to form embryoid bodies and teratomas and 
to contribute to the formation of chimaeric mouse embryos, Despite 
these functional similarities, however, there are differences in the gene 
expression patterns Of ES cells and iPS cells, After this initial proof of 
principle, iPS cells were produced on the basis of selecting cells that 
expressed the genes encoding NANOG and/or OCT4 after retroviral 
transduction, which is in contrast to the original study, in which cells 
wereselected only on the basis of expression of the gene encoding FBX15 
(atarget of OCT), These iPS cells had stable endogenous expression 
‘of SOX2.and OCT4, in addition to other pluripotency markers, and 
‘were again similar to ES cells in terms of gene expression, This method 
of PS-cell production has also been applied to human fetal, neonatal 
and adult cells'”*”*. Whether this process will render cells susceptible 
to immune attack, asa result oftheir altered gene expression, has yet to 
be determined. 


Therapeutic 
derivative 


respectively. In the rejuvenating thymic environment, the TESCs can 
differentiate into both cTECs and mTECs, and the HSCs can differentiate 
into dendritic cells and T-cell precursors. The cTECs can positively select 

T cells with a functional T-cell receptor, and the mTECs, together with the 
dendritic cells, can negatively select T cells that react to recipient and donor 
«ells, resulting in the emigration of tolerant T cells that are not reactive to 
self antigens or to a transplant from the donor, Donor cells are shown in 
red, and recipient cells are shown in blue. Solid arrows indicate movement; 
dashed arrows indicate that multiple differentiation events are involved. 
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INSIGHT 


One ofthe problems associated with iPScellsis the use of retroviral 3 Toso Thepnuctonn 
transduction and the high frequency of tumour formation associated i aes 7 
with the introduction of Myc’. These issues have been partly resolved *  Qurenchrneontois Nenocaa sea oO ee net 
by removing Myc from the production of mouse and human iPS cells 

‘and by increasing the selection times”. The iPS cells produced in this, 
‘way were able to produce chimacras with reduced tumorigenicity in 
mice; however, omission of Myc from the protocol considerably reduced 5 
the capacity of human iPS cells to form fibroblasts, Alternative genes 

— NANOG and LIN28, instead of KLF4 and Myc — were subsequently 
introduced to produce human iPS cells; however, it remains to be seen 
how effective, practical and safe this technique will be". 
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A chemical approach to stem-cell biology 
and regenerative medicine 


Yue Xu’, Yan Shi'& Sheng Ding" 


An improved understanding of stem-cell and regenerative biology, as well as a better control of stem-cell fate, 
is likely to produce treatments for many devastating diseases and injuries. Chemical approaches are starting 
to have an increasingly important role in this young field. Attention has focused on chemical approaches that 


allow the precise manipulation of cells in vitro to obt 


homogeneous cell types for cell-based therapies. 


Another promising approach is the development of conventional chemical and biological therapeutics to 
stimulate endogenous cells to regenerate. Such therapeutics can act on target cells or their niches in vivo to 
promote cell survival, proliferation, differentiation, reprogramming and homing. 


Recent breakthroughs in stem-cell biology have generated enthusiasm 
for therapeutic developments towards tissue and organ repair and/or 
regeneration. These advances include insights into the intrinsic mecha. 
nisms! and the niche interactions” that regulate the fate of embryonic 
stem (ES) cells and adult stem cells. Other recent advances are the 
ability to manipulate and control stem-cell fate and function in a more 
precise and defined manner*” and the ability to reprogramme lineage. 
committed cells to revert to more-primitive multipotent™ states (if 
which the cells can form many cell types) or even pluripotent states" 
(in which the cells can form all the cell types of the body). Not only 
are various types of stem cell excellent model systems for studying the 
fundamental biology of human development and diseases, but they 
also provide superior vehicles compared with conventional cell lines 
for drug discovery (from disease modelling, target validation and high- 
throughput screening to development of clinical candidates). Further- 
‘more, stem cells can be used to replace cells that have been damaged as 
a result of disease and injury. They can also be endogenous targets for 
conventional small-molecule or biological therapeutics that stimulate 
a body's own cells to regenerate in vivo. 

Chemical approaches (Fig. 1) andismall molecles have provided the 
key to many biological discoveries. Understanding of a biological phe- 
nomenon often begins by observing itand then discovering or designing 
‘ways to perturb it. Although genetic methodshave been widely used for 
this purpose, a chemical approach offers distinct advantages. For exam- 
ple, small molecules typically provide a high degree of temporal con- 
trol over protein function, inducing rapid inhibition or activation, and 
their effects are often reversible. Their effects can also be finely tuned by 
varying the concentrations ofthe small molecule. Furthermore, a single 
small molecule can simultaneously modulate multiple specific targets 
within a protein family or across different protein families. This allows 
the production of a desirable phenotype in a synergistically favourable 
‘manner. Italso has considerable advantages when viewed from a pri- 
‘ary screening and clinical-development perspective. 

Examples of small molecules that modulate single or multiple tar- 
gets!“ are retinoic acid, cytidine analogues, histone-deacetylase inhibi- 
tors and protein kinase inhibitors (Fig. 2). These chemicals have been 
used to modulate and dissect stem-cell phenotypes and may well have 
arole in treatment of stem- and progenitor-cell-based diseases such as 
some types of cancer. 


In this review, wediscuss chemical approaches to stem-cell and 
regenerative biology, including the identification of new chemical 
entities or chemically defined conditions for studying cell-fate regula. 
tion in vitro and in vivo. We also discuss ways in which such chemical 
approaches efthance cell-replacement therapy and the use of therapeu. 
tic molecules to control endogenous cell fate in vivo for the treatment 
of degenerative diseases, injuries, ageing and cancers, 


Stem-cell modulation in vitro 
‘The ability to isolate stem cells and progenitor cells from tissues and 
‘manipulate them in vitro gives rise to several attractive opportunities. 
Itcan provide model systems for understanding the intrinsic regulation 
of these cells and their interactions with exogenous signals, including 
those underlying development and disease, Moreover, controlling sef- 
renewal expansion and differentiation will be necessary to generate 
sufficient homogeneous functional cell types for cell-based therapies. 
And such homogeneous and physiologically relevant cell populations 
would also be useful for drug discovery. 


Self-renewal 
Pluripotent stem cells give rise to all cell types in a body. These typi- 
cally include the following: conventional ES cells derived from the 
inner cell mass of pre-implantation embryos"; germline stem cells 
and derivatives'* *; epiblast stem cells derived from post-implantation 
epiblast-stage embryos'™"*; and induced pluripotent stem (iPS) cells 
derived from somatic cells”. Because ES cells are an excellent model 
for pluripotent stem cells, we focus on the regulation of ES cells by 
chemical approaches. 

‘Conventionally, ES cells are maintained and expanded in the pres- 
ence of feeder cells, serum and additional exogenous factors” such as 
leukaemia inhibitory factor (LIF) for mouse ES cells and basic fibroblast 
growth factor (bFGF; also known as FGF2) for human ES cells. The 
use of such conventional culture conditions has presented a number 
of problems. First, such conditions are highly variable both in the way 
feeder cells are used and in the composition of serum products. Thus, 
‘maintaining large-scale, consistent and robust long-term ES-cell cul- 
tures hasbeen a challenge. Second, unknown factors from feeder cells 
and/or serum, as well as certain defined exogenous factors, may bias 
ES cells towards having specific lineage differentiation properties. They 
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do this by modulating additional gene expression that coexists with the 
basic pluripotency network. This adds to the existing complexity of ES 
cell lines, especially in humans. Different ES cell lines show different 
self-renewal properties, as well as showing different propensities to 
differentiate into different lineages (or different subtypes of the same lin 
age) owing to their own unique genetic and epigenetic background”. 
‘Third, unknown factors may operate in conjunction with a specific 
treatment to change the outcome of a particular cellular process. 

‘To address these problems, we carried out a high-throughput screen 
(050,000 synthetic small molecules using a transgenic reporter mouse 
ES cell line expressing green fluorescent protein (GFP) under control 
of the Oct gene (a gene specifically expressed in pluripotent stem cells) 
regulatory elements. The screen was conducted in the absence of feeder 
cells, serum and LIF, to search for small molecules that can maintain 
self-renewal of ES cells in chemically defined conditions. OCT4~GFP 
expression and the characteristic compact domed colony morphology 
of mouse ES cells were used as criteria to select primary hits in the 
screen. Secondary confirmation assays and structure-activity-rela 
tionship studies led to the identification of a novel compound named 
pluripotin (also known as $C1)". Pluripotin sustains homogeneous self 
renewal of mouse ES cells long-term in chemically defined medium 
conditions in the absence of feeder cells, serum, LIF and bone mor- 
phogenetic proteins (BMPs). The cells remain pluripotent in serially 
passaged culture in vitro without losing their germline transmission 
ability in vivo, Furthermore, pluripotin functions independently of 
exogenous activation of LIF-STAT3, BMP-SMAD-ID and WNT-- 
catenin pathways, Through affinity pull-down experiments using a 
pluripotin-immobitized matrix, the molecular targets of pluripotin 
were identified as RasGAP and extracellular-signal-regulated kinase 1 
(ERK1), two endogenously expressed proteins with differentiation. 
Inducing activity. Additional biochemical, genetic and pharmacological 
studies have shown that simultaneous inhibition of ERK and RasGAP 
by pluripotin or other independent methods is sufficient for long-term 
self-renewal of mouse ES cells 

From a small-molecule and drug-discovery perspective, this study 
demonstrated that controlling a complex phenotype (or curing a dis: 
n require modulation of more than one target. A.single small” 
le with the desirable, specific polypharmacological activity can 
be selected out through a rationally designed phenotypic sereen. From 


Figure 1| A screening approach. Chemical libraries for biological screens 
can be assembled from synthetic compounds and natural products 
through chemical synthesis and/or from commercial sources on the basis 
of their biological fitness and molecular diversity. Screening against a 
defined molecular target usually exploits a proteins function (for example, 
enzymatic activity or signal transduction) or molecular interactions with 
its partners, Phenotypic screens are powerful, in that prior knowledge 

of defined targets and mechanisms for the given desirable phenotype is 

not required. Such screens can be carried outin cells or whole organisms 
by examining multiple markers and functional changes (for example, 

cell morphology and behaviour) using automated high-content imaging 
technologies in a high-throughput manner (see page 345). After hit 
compounds are identified from a primary screen, they are typically 
confirmed by using a series of secondary assays, which are more functional, 
as well us being analysed by informatics tools. Before a compound enters 
‘mechanistic studies, it is normally optimized through structure-activity 
‘relationship studies to improve its properties, such as increasing 

potency, specificity and enhancing its pharmacokinetic properties. To 
identify the molecular targets and pathways of an unknown compound, 
affinity chromatography with labelled compounds in conjunction with 
‘mass spectrometry is most commonly used. Target proteins ae typically 
validated by gain- and loss-of-function studies (for example, through 
‘microarray analysis and RNA interference) to recapitulate the compound's 
activity, as wel a by using other relevant biochemical and cellular assays 
(shown here as chemical and genetic complementation). Unbiased 
expression analysis and genetic epistasis may also be used to provide 
‘mechanistic insights. R' denotes a heterocycle: X denotes 0, N, Sor C. 
IKK, inhibitor of nuclear factor-xB (IxB) kinase; PI(3)K, phosphatidyl- 
inositol-3-OH kinase. 
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Figure 2) Selected chemical compounds that regulate cell fate. Shown 
are synthetic small molecules and natural products that bind to nuclear 
receptors (all-trans retinoic acid and dexamethasone), histone-modifying 
‘enzymes and DNA-modifying enzymes (trichostatin A, BIX 01294 


a stem-cell perspective, it suggests that self-renewal of ES cells, and 
Ppethaps other types of stem cell as well, may be largely driven by intrin- 
sic regulators in the cell and does not require activation of additional 
pathways by exogenous factors, such as LIF or BMPS”. 

Maintenance of self-renewal in stem cells can be simply viewéd as 
involving multiple processes of continued proliferation, as well as inhib- 
iting differentiation and cell death. This requires a fine balance and. 
‘cross-regulation between positive and negative regulators, Stem cells 
might autonomously express almost all gene products that areessential 
for self-renewal. However, endogenous expression of some differentia- 
tion-inducing genes ata certain level in the undifferentiated ES cells, 
could cause differentiation in culture conditionstthat do not inhibit 
their negative effects. Therefore, the key to achieving self-renewal in ES 
cells may be to inhibit the negative effects of endogenously expressed, 
pluripotency inhibitory proteins (for example, proteinisinvolved in dif- 
ferentiation or cell death), 

‘A balanced self-renewal state caf also be achieved through a specific 
combination of multiple pathway activation by exogenous factors (for 
‘example, LIF, BMPs and WNT proteins for mouse ES cells”, or BEGE, 
activin and WNT proteins for human ES cells"), Although these exog- 
‘enous factors at the appropriate concentrations inhibit each other's differ- 
entiation activity, they can also mediate lineage-specific gene expression, 
‘which coexists with the pluripotency gene networks, or induce specific lin- 
cage differentiation. Thisidea isalso supported by an independent study 
in which a combination of three specific chemical inhibitors ofthe protein 
kkinases FGF receptor (FGFR), mitogen-activated protein kinase kinase 
(MEK) and glycogen-synthase kinase 3 (GSK3) supports derivation and 
long-term self-renewal of mouse ES cells in the absence of exogenous 
cytokines", Not only are these chemicals useful for defining cell-culture 
conditions and regulatory mechanisms (replacing exogenous factorsand 
providing a platform for supporting a more reliable and robust cell cul- 
ture), but they also present an opportunity for derivation of new cell lines 
from strains or species for which this has been difficult. For example,a 
combination of the three inhibitors of GFR, MEK and GSK3 was used to 
derive ES cells from the mouse strain CBA and Stat3~ mice. 

‘Small molecules can function intracellularly to inhibit key differentia- 
tion-inducing proteins, thereby bypassing the need to express receptors 
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‘and 5-azacytidine), and protein kinases and signalling molecules 
(reversine, purmorphamine, 16,16-dimethyl prostaglandin E,, 
forskolin, QS11, BIO, eyclopamine, neuropathiazol, pluripotin 
and ¥-27632). 


{9 exogenous factors that inhibit differentiation, Positive results have 
been obtained using chemical approaches to derive pluripotent stem 
cells from other species (for example, rat and human) that resemble 
more closely the conventional inner-cell-mass-stage mouse ES cells. This 
‘salso in line with the recent finding’™ that the conventional human ES 
cells represent a later epiblast stage of pluripotent cellsand have defining 
features in common with rodent epiblast stem cells. 

Various exogenous growth factors, including bFGF", TGF-p and 
activin", WNT proteins” and insulin-like growth factor”, support 
self-renewal of human ES cells in chemically defined conditions. Iden. 
tification of small molecules that function similarly to pluripotin in 
mouse ES cells may lead to improved control of human ES-cell fate. 
For example, the extremely poor survival of dissociated single human 
ES cells had been a problem for routine large-scale culture and clonal 
selection of human ES cells™. Testing of caspase and protein-kina 
inhibitors identified an inhibitor of the protein kinase ROCK, known as 
Y¥-27632, which allows survival of dissociated human ES cells. Recently, 
wwe carried out high-throughput screens of large-scale combinatorial 
‘chemical libraries in human ES cells and identified distinct small mol- 
ecules that can replace BFGF in maintaining long-term self-renewal 
‘of human ES cells in a feeder-free and serum-free chemically defined 
condition or can potently promote single-cell survival of human ES 
cells. Further characterization of the mechanisms involved in the action 
of these small molecules will provide a better understanding of human 
ES-cell biology. 

In contrast with the progress made with ES cells, maintaining long- 
term self-renewal of multipotent tissue-specific stem cells (Fig. 3Aa), 
‘especially at the most primitive stage, remains a challenge. For example, 
long-term haematopoietic stem cells (HSCs) quickly lose their ability 
to serially repopulate the entire haematopoietic system during in vitro 
culture, despite the use of multiple exogenous protein factors. Simi 
larly, conditions with growth factors (for example, EGF and/or EGF) 
can only expand primitive neural stem cells fora limited number of 
{generations in vitro. In such conditions, they typically become more 
glia-restricted and lose the ability to be patterned to subtype-specific 
‘neuronal types”. Finding small molecules that can inhibit their dif- 
ferentiation would be useful. 
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‘To this end, a recent study” used such a chemical approach to study 
multipotent islet! (Isl1)" cardiovascular progenitor cells (MICPs), 
which reside in both embryonicand adult hearts. MICPs can generate 
the three main heart cell types: cardiac muscle, smooth muscle and 
endothelial cells®. A high-throughput screen was carried out to identify 
small molecules capable of inducing expansion of MICPs;IsIl-LacZ. 
‘was used as a marker. Several compounds were identified that signifi- 
cantly increased MICP expansion, with the potent GSK3 inhibitor 
BIO being one of the strongest. This discovery led to a series of in 
vitro and in vivo studies ofthe role of the WNT-B-catenin signal (as 
secreted from the cardiac mesenchymal niche cells), which functions in 
4 sequential manner first to block the specification of the MICPs from 
mesodermal precursor cells and then to promote their self-renewal by 
inhibiting their further differentiation into cardiomyocyte and smooth 
‘muscle cells. Interestingly, BIO treatment also induced expansion of 
human Isi1' cardiovascular progenitor cells, suggesting a conserved 
role of WNT-mediated signalling in self-renewal of MICPs, 


Differentiation 
Conventional differentiation of ES cells has been an inefficient and 
nonspecific process typically involving co-culture with feeder cells"*”" 
‘or growing them in suspension to form embryoid bodies in the pres- 
ence of complex serum and additional factors. The cell ype of interest 
is then selected from a heterogeneous cell population by the expression 
of markers. The development of small molecules and/or chemically 
defined conditions for more effective stem-cell differentiation has 
attracted significant efforts, for practical reasons and for improving 
the understanding of the mechanisms regulating differentiation. 
‘Advances in developmental biology have guided the design of 
directed, stepwise differentiation of stem cells in ways that recapitu. 
late the progression of embryonic development. This was achieved by 
sequentially treating cells with combinations of embryonic signalling 
molecules. An early elegant example was the generation of functional 
motor neurons from mouse ES cells by first neuralizing and caudalizt 
(differentiating and patterning) cells with retinoic acid. Subsequently, 
the cells were ventralized (positioned) by a specific small-molecule 
agonist of the hedgehog-mediated signalling pathway'“sConceptu= 
ally similar, but technically more sophisticated, methods have'since 
been developed for directing human ES cells to differentiate along the 


following paths: neural precursor cells» subtype-specific neuronal 
progenitor cells-> mature functional neurons"; mesendoderm —+ 
mesoderm -+ cardiovascular precursor cells-> immature cardiac cell 
types—+ mature cardiomyocytes’; and mesendoderm -+ definitive 
endoderm > primitive gut tube > posterior foregut -> pancreatic 
endoderm > endocrine precursor cells + hormone-producing endo- 
rine cells”. 

‘To substantially increase the homogeneity, functionality and yield 
of the intermediate progenitor cells or terminally differentiated cell 
types, a more precise knowledge of lineage specification will be needed. 
Thus it would be highly desirable to identify additional small mol. 
ecules (Fig. 3Ab) that can function synergistically with factors that have 
already been defined, such as FGF and WNT proteins. The ultimate 
goal is the development of specific, efficient and completely chemi- 
cally defined medium conditions. Towards this goal, we have used 
high-content imaging-based analysis of immunostained cells with a 
neuron-specific marker to identify a novel synthetic small molecule 
named neuropathiazol from/alarge chemical library. This molecule 
can specifically induce robust differentiation of primary multipotent 
hippocampal neutral progenitor cells into neurons, even in gliogenic 
conditions". More recently, Sereening of libraries of pharmacologt 
cally active compounds using neurospheres and simple homogeneous 
assays has identified drugsand endogenous metabolites for inhibiting 
neurosphere proliferation”, and/or promoting neuronal differentiation 
and/or survival”. Some of those small molecules — as well as others 
such as histone-deacetylase inhibitors" and serotonin-uptake block: 
ers" — promote neurogenesis in cell culture, as well asin vivo, with 
specific behaviour modulation when administered directly, These 
studies have demonstrated the great utility of chemical approaches in 
‘egulating cell fate for in vitro applications. Even more importantly, 
they hold promise that relevant cell-fate modulation in vitro by small 
molécules will provide models and leads for therapeutic development 
towards in vivo regeneration. 


Reprogramming 

Mammalian tissue-specific stem cells and progenitor cells typically 
have restricted developmental potential in vivo, Such cells can only dif: 
ferentiate towards cell types with a more restricted potential within the 
same lineage boundary. However, in certain conditions, mammalian 
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Figure 3 | Therapeutic strategies for regenerative medicine. A, Small 
‘molecules can target stem cells or progenitor cells for self-renewal (a) 

‘or differentiation (b). Small molecules can also target lineage-restricted 
cells for the generation of more-primitive cells or other tissue cll types (€), 
or they can regulate the survival, proliferation, homing or reprogramming 
‘of terminally differentiated cells). They can also control the cell fate 
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and/or function of target cells by regulating the appropriate cellular 
niches (@). B, Homogeneous and functional cell types generated in 
‘chemically defined conditions can be used for cell-based therapy; and 
alternatively, conventional chemical and biological therapeutics can 
bbe developed to target patients’ own cells or their niches to stimulate 
regeneration in vivo. 
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cells can be reprogrammed to adopt alternative cell fates across line~ 
age boundaries or to return to more-primitive states in vitro, as well as 
in vivo, through various mechanisms. Such techniques include somatic 
cell nuclear transfer (to generate totipotent cells, which are sufficient 
to form an entire organism)", cell (or cell extract) fusion", genetic 
alterations" or defined exogenous molecules"™**". At the molecular 
level, these studies suggest that a stably balanced epigenetic state can 
be shifted by specific treatments. Recent successes in generating ES 
cells by somatic cell nuclear transfer into mitotic zygotes from mice™ 
and into oocytes from non-human primates” suggest that it might be 
possible to generate human ES cells by using a similar approach, which 
‘might lessen ethical concerns. 

Another breakthrough in reprogramming isthe identification of an 
‘easy genetic approach to convert somatic cells back to iPS cells'**** 
(see page 322). The simplicity of this genetic approach has opened up 
‘tremendous opportunities to generate patient-specific cells for various 
applications (for example, cell-based therapy or drug discovery) with- 
out the controversies associated with the conventional human ES cells. 
In addition, it facilitates studies of the intriguing epigenetic revers: 
process on a fully defined basis. 

Practical clinical applications of the iPS-cell approach will largely 
depend on the resolution of two crucial issues. The first is elimination 
of the risks associated with exogenous genetic manipulations, as well as 
possible endogenous genetic alterations, during the slow and inefficient 
reprogramming process. The second is the generation of homogeneous 
populations of lineage-specific cell types from iPS cells. One strategy is 
to replace the genetic method with chemically defined approaches, such 
as protein or RNA transduction and/or growth factor or small-molecule 
treatment, We have explored two approaches for replacing viral trans: 
duction of transcription factors. The first approach was to test methods 
that induce pluripotency in different cell types on the basis of the idea 
that certain accessible cell types may endogenously express or have less 
silenced loci of some of the required genes for inducing pluripotency. 
‘Thus the cells can be more efficiently reprogrammed with fewer genetie 
manipulations. The second approach was to identify defined exogenous 
factors and small molecules that can activate a pluripotency network, 
inhibit negative regulators of pluripotency or directly regulatechroma~ 
tin modifications. Both approaches independently or in conjunction 
have generated positive results that may ultimately lead todevelopment 
of fully chemically defined conditions for the generation of iPS cells. 

Given the difficulties with differentiating pluripotent stem cells for 
specific applications, an attractive approach to reprogramming is to 
{generate intermediate lineage-specific stem cells or progenitor cells or 
other types of differentiated functional cell through lineage reversal 
or transdifferentiation (Fig. 3Ac). Although problems with genetic 
manipulations (if used), and efficiency and heterogeneity, would still 
need to be resolved, these reprogrammed cells might be advantageous 
for differentiation and/or have a lower cancer risk because they are 
lineage restricted and do not form teratomasin vivo. 

Reprogramming of somatic cells to express previously silenced genes 
or to become another cell type has been extensively studied, provid- 
ing the conceptual and technical basis for epigenetic reprogramming 
biology. Examples of such in vitro studies include heterokaryon (a 
fusion of two different cell types) formation-induced reprogramming, 
‘which is independent of cell division", phenotypic conversion of cer- 
tain pancreatic cells to hepatocytes” by dexamethasone treatment or 
by overexpression of the transcription factor C/EBP-8, conversion of 
hepatocytes to a pancreatic phenotype by overexpression" of PDX1, 
reprogramming of B cells through the transcription factor Paxs dele- 

ion‘, reprogramming of normally glia-restricted oligodendrocyte 
precursor cellsto multipotent neural precursor cells by sequential treat- 
‘ment with BMPs and bFGF™, and mesenchymal-cell reprogramming 
by controlling matrix elasticity" 

To screen rationally for small molecules that would reprogramme 
lineage-committed cells to become more-primitive precursor cells, we 
carried out cell-based functional screen based on the idea that lineage 
reversed cells would regain multipotency. Lineage-committed myoblasts 
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were screened using a two-stage screening protocol, in which cells were 
initially treated with libraries of compounds to induce dedifferentation. 
They were then assayed for their ability to differentiate into otherwise 
non- permitted osteoblasts in osteogenic conditions. A synthetic small 
molecule named reversine was identified and shown to reprogramme 
‘multiple lineage-restricted cel types to a more-primitive multipotent 
stateatthe clonal level". The cellular targets of reversine were identified 
through affinity chromatography as MEK1 and non-muscle myosin II 
heavy chain. Mechanistic studies suggested that inhibition of both target 
proteins activities is required, which entails cell-cycle G2-M phase sta 
Ing, cytoskeletal reorganization and cell signalling modulation, 


Targets for therapeutic interventions, 

Cell-based therapy using tissue-specific cells either isolated from 
donors or derived from pluripotent stem cells holds promise for treat- 
ment of many devastating diseases and injuries. Clinical successes have 
included several cell-replacement therapies, such as HSC transplanta 
tion for blood-related disordersand pancreatic islet or B-cell trans- 
plantation for type 1 diabetes. However, challenging issues remain. It is 
difficult to obtain denor cells, and there are issues with immunological 
compatibility and the precise control of cell fate in defined conditions 
ex vivo. As highlighted aboye, chemical approaches would support 
cell-based therapy by generating and/or enhancing transplantable cells 
through better ex vivo Control of cell survival, growth, differentiation 
and reprogramming. 

Given that many adult tissues and organs have endogenous stem cells 
and progenitor¢ells that participate in normal tissue homeostasis and 
regenerative processes in response to injuries, itis conceivable that the 
body's own cellscan be targeted in vivo to enhance regeneration. As 
the scientific understanding of adult stem-cell biology increases, this 
approach will be further strengthened by the decades of experience in 
development of conventional drugs. Consequently, endogenous stem 
celisand progenitor cells and their cellular niches are targets for thera 
peutic development. 

‘To identify new mechanisms and small molecules that can influ- 
ence endogenous stem-cell behaviour, phenotypic functional screens at 
the cellular or organismal level have been particularly useful. A recent 
phenotypic screen of known drug collections in zebrafish embryos 
identified small-molecule regulators of prostaglandin E, (PGE,) syn- 
thesis that modulate HSC numbers in vivo". This discovery was fur~ 
ther extended to show that a stabilized PGE, analogue, 16,16-dimethyl 
PGE,, improved kidney-marrow recovery after irradiation injury in 
the adult zebrafish. Ex vivo treatment of mouse bone-marrow cells 
with 16,16-dimethyl PGE, increased the frequency of long-term HSCs 
present in mouse bone marrow after limiting-<dilution competitive 
transplantation“. This suggests that PGE, functions asa potent regu- 
lator of vertebrate HSC homeostasis, and its pathway modulation by 
small molecules may be useful for treating patients undergoing bone- 
‘marrow transplantation. 

Another strategy to develop small molecules for regeneration is to 
focus on defined molecular targets or pathways, such as WNT- and 
hedgehog- mediated signalling, which are implicated in specific regen- 
‘erative processes. One potential concern about activating a regenerative 
pathway is the risk of causing cancer, as certain genetic alterations or 
abnormal gene expressions that lead to the activation of some of those 
such as temporal 
and/or synergistic activation may provide a viable solution. To iden- 
tify novel compounds and pathways that interact with the canonical 
WNT-B-catenin signalling pathway, we recently carried out a reporter- 
based high-throughput screen for molecules that synergistically acti- 
vate the reporter in the presence of WNT3A. A 2,6,9-trisubstituted 
parine compound, QS11, was found to synergize with canonical WNT 
proteins both in vitro and in vivo". Affinity chromatography identified 
ARF-GAP asa target of QS11. Additional biochemical, genetic and 
functional studies have established that QS11 inhibits ARF-GAP, and 
asa consequence modulates ARF activity and B-catenin localization 
‘so that it crosstalks with WNT-mediated signalling. 
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Significant advances in defining adult stem-cell niches and under- 
standing how they regulate stem-cell function in vivo have provided 
new strategies for controlling cell fate by pharmacologically manipu- 
lating the niches” (Fig. 3Ae). Such approaches alone or in combina~ 
tion with approaches to target stem cells directly may provide broader 
selection of molecular targets or elicit more robust response in specific 
settings. A proof-of-concept demonstration in mice showed that daily 
‘treatment with a parathyroid hormone that augments osteoblasts, a key 
component of the HSC niche, resulted in expansion and protection of 
HSCs with therapeutic benefit in three clinically relevant models of 
stem-cell-based therapy". In another example, regeneration of dam- 
aged axons in the adult central nervous system is restricted by both their 
intrinsic incompetence and microenvironment, consisting of myelin 
and the glial scar, A small-molecule screen for compounds that can 
neutralize inhibitory activity, such as that associated with central-nery- 
‘ous-system myelin, identified EGER inhibitors as potent promoters of 
neurite outgrowth on cerebellar granule neurons on an immobilized 
myelin substrate”. More importantly, local administration of EGER 
inhibitors led to significant regeneration of injured optic nerve fibres, 
in mice, suggesting that targeting the inhibitory microenvironment 
may provide a therapeutic avenue for enhancing axon regeneration 
after central-nervous-system injury. 


Perspectives 

Stem cells present enormous opportunities for basic research, drug 
discovery and therapies. Conventional small-molecule or biological 
therapeutics will probably become a more convenient form of regener- 
ative medicine, working to unleash the body's own regenerative capaci- 
ties by promoting survival, migration, proliferation, differentiation or 
reprogramming of endogenous cells. 

Continued development and application of chemical approaches in 
stem cells will undoubtedly lead to identification of additional small 
molecules and more precisely defined and ‘individualized’ conditions 
for controlling cell fate in vitro and in vivo. 2 
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Imaging stem-cell-driven regeneration 


inmammals 


Timm Schroeder’ 


The ability to observe biological processes continuously, instead of at discrete time points, holds great 
promise for the study of tissue regeneration. Ideally, single cells would be followed continuously within large 
tissue volumes (such as organs) over long periods of time. Technical limitations, however, preclude such 


studies. But, recently, there have been improvements in imaging technologies and biologically compatible 
labelling agents. Together with new insights into the molecular characteristics of stem cells, which are 
ultimately responsible for the regenerative potential of all tissues, researchers are now much closer to 
applying single-cell imaging approaches to research into regeneration ands clinical applications. 


In mammals, the cells of some tissues, such as the skin, the blood and the 
gut epithelia, are constantly dying in normal homeostatic conditions and 
are successfully replaced throughout life — a process known as regenera: 
tion, Other tissues, such as those of the central nervous system, have a 
‘much lower cellular turnover, Whereas some manimalian tissues (such as 
the blood) can be restored to their original state ater injury, most tissues 
can only be repaired but not completely restored. Tissue regeneration and 
repair are both highly complex and dynamic processes. They involve the 
Interaction of many cells over days o weeks, and the cel-fate decisions 
of these cells need to be tightly coordinated: that is, whether each cell 
survives self-renews (reproduces itself), proliferates, migratesor differ= 
entiates into a cell of a specific lineage at a particular point in times The 
correct type and number of cells need to be produced and delivered to the 
right place atthe right time for regeneration to be successful. 
Ultimately, the potential for long-lasting regeneration lies with the stem 
cells of tissue. It is their cell-fate decisions, together with those of their 
progeny, that result in successful sustained regeneration — or its failure. 
Deciphering how these decisions are controlledat the molecular levelis 
crucial for understanding how regenefation occursin homeostatic condi 
tionsand how it can be manipulated to regenerate tissues in the clinic. 
‘The best and most direct approach to analyse how the constituents 
of complex three-dimensional structiires interact isto visualize them. 
Imaging technologies therefore have long)been a driving force in bi 
medical science, as shown by the number of Nobel prizes awarded for 
their development: for phase-contrast microscopy (in 1953), electron 
microscopy (1986), scanning tunnelling microscopy (1986), nuclear 
magnetic resonance spectroscopy (2002) and magnetic resonance 
imaging (MRI) (2003). However, as is apparent from optical illusions, 
vvisual data can be misleading: the brain can filter and interpret infor. 
‘mation in a way that results in inappropriate conclusions being drawn. 
‘This is even more likely to occur when observing continuous proc- 
essesat insufficient temporal resolution (for example, when watching a 
time-lapse movie in which the intervals between the individual frames 
are too long). In this case, the brain tries to fill in the missing time 
periods with the most likely interpretation, on the basis of previous 
experience. In this way, researchers tend to see what they expect to 
find. It is not possible to fully understand complex continuous proc- 
esses, such as the regeneration of organs from stem cells, if analyses 
rely on individual snapshots of populations of cells, ass illustrated 


in Fig... To exclude alternative explanations of experimental data, 
constant Observation is indispensable’, 

Observing the process of mammalian tissue regeneration in a continu: 
‘ous manner atthe single-cell level would markedly improve knowledge 
‘about the ufiderlying cellular mechanisms, and would lay the groundwork 
for aiprecise analysis of the molecular pathways that control this process 
and how they might be manipulated, For the purposes of this review, | 
define continuous imaging for following cells and their fates as time-lapse 
movies with individual frames collected over intervals of the order of a 
few minutes. This isin contrast to most studies on mammalian stem cells 
and their progeny, in which the cells re not analysed on the single-cell 
level and the time points are hours or days apart, even though the cell 
populations are not stationary (and can therefore move in the field of 
‘view). Decades-long debates in the field of stem-cell biology exemplify the 
confusion that can arise from misleading interpretations of discontinuous 
\ present, there are controversies about many aspects, including 
y ofthe stem cells in most organs, the exact lineage potential of 


stem cells and progenitor cells, the proliferative activity of stem cells, the 
reasons for the incomplete reconstitution potential of transplanted stem 
lity that stem cells have an asymmetrical mode of division 

igle stem cell can both reproduce itself and differen 


cells, the poss 


cd cellular 


1 of adult stem cells, and the contri 
‘movements to the generation of organs. 

So far there isno single imaging approach that is ideal forthe continuous 
‘observation ofall ofthe relevant aspects of stem-cell-driven regeneration. 
Instead, for each research question, optimal combinations ofthe individual 
cell system (thats, the tissue and its stem cells), the labellingapproach for 
measuring the properties of interest, and the imaging modality for the 
detection of the labelled cells need to be found, Recent developments are, 
however, bringing researchers close to being able to observe mammalian 
stem-cell-driven regeneration continuously and comprehensively. The 
constant development of new imaging machinery, the adaptation of this 
‘machinery for the long-term observation of living animals and live cells 
and, in particular, the huge recent increase in the number of new labelling 
technologiesand in the understanding of the molecular properties of stem 
cells are now allowing analyses that were previously impossible. 

In this review, I focus on the current technical ability for continu- 
‘ously imaging mammalian stem-cell-driven regeneration, as well a 
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Figure 1| The need for continuous observation of dynamic cellular systems, 
‘Only continuous observation allows unequivocal interpretation of 
‘observed input and output data. a, A non-continuous observation. One 
‘ellis present atthe first time point, and four are present atthe nest time 
point. But the intermediate steps are unclear. b Some of the many possible 
‘explanations of the observation ina are shown. Each horizontal line 
represents a cell division, and crosses indicate cell death. Cells depicted in 
white are the initial cells. Red cells are of the cell type observed atthe end 
‘of the observation period in a and b. Blue cells are of a different types they 
‘might have been present in a but would have been missed in the absence of 
continuous observation, 


limitations and future challenges. I discuss requirements for imaging, 
available imaging modalities and approaches to labelling,and Thighlight 
several ways in which imaging approaches are being used to observe 
regeneration and repair in various mammalian tissues. 


Requirements for stem-cell imaging, 
“Many of the properties of mammalian stem cells make them difficult 
to image. 

Long-term in vitro culture could facilitate the continuous imaging of 
stem cells, But, for most stem cells, there are no physiological culture sys- 
tems that allow long-term maintenance of self-renewal over sufficient 
periods. And, ultimatety, it will be important to observe stem cells deep 
‘within live tissues. 

For any given tissue, adult stem cells are rare and are surrounded by 
humerous other cells”. Therefore, unlike observing an aggregation of 
more homogeneous cells (such as some tumours), the detection of stem 
cells requires an imaging modality that has single-cell resolution. In addi- 
tion, compared with imaging other cell types, the amount of usable data 
‘generated in each experiment is far ess, owing to the low frequency of'stem 
«cells. Excellent examples of short-term single-cell observations in vivo are 
‘mouse models in which populations of identical T cells are transplanted 
and then observed afier homing to the lymph nodes". Because these T cells 
are identical and are numerous in the lymph nodes, the data that are col- 
lected for each of the many labelled T cells ina field of view can be used. 
By contrast, when imaging stem cells in a tissue, usually only one cell per 
observation is of interest. Therefore, generating enough data to carry outa 
‘reliable statistical analysisis extremely time-consuming, ofien tothe extent 


that itis not possible within a standard research funding period. 

‘Another issueis that, with few exceptions“, researcherslack the know!- 
‘edge for identifying live stem cells, or cells at other stages of maturation, 
within tissue. In casesin which thisis possible, the differentiation state of 
the cell can be identified with reasonable reliability only by searching for 
combination of molecular markers and by determining the position of 
the cell within the tissue“. Therefore, an imaging modality that allows 
‘multicolour labelling (a different colour for each marker) and detection 
must be used. In addition, labels that allow genetic marking (discussed 
later) are usually necessary. 

‘The best — and, in most systems, the only reliable — definition of stem 
cellisa cell that has the potential to differentiate into other cell types and 
«can proliferate, survive and self-renew,all over long periods, To prove that 
cell has these properties when using imaging experiments, live stem cells 
(ina tissue or an animal) and atleast some of their huge number of progeny 
need to be continuously observed atthe single-cell evel overlong periods, 
Such continuous imaging would require techniques for tissue immobiliza- 
tion and long anaesthesia so that many celscan be followed for up to weeks 
ata time, but these techniques are not yet available. In general, continuous 
maging results in unprecedented amounts of data, far exceeding the capa. 
bilities of typical imaging machineryand software. So the requirements for 
storing data and, more importantly, for comprehensively analysing these 
data cannot be met by the current tools used in stem-cell research, 

Another consideration isthat, in homeostatic conditions, adult stem 
«ells usually divide much less frequently than most oftheir progeny. How- 
‘ever, because cell division isthe process by which all tissue cells are gener- 
ated from stem €ells its one of the most important cell-fate decisions to 
study. The slaw rate of stem-cell division is therefore another factor that 
necessitates long-term imaging, Alternatively, many studies have been car- 
ried out after using injury to induce a high rate of stem-cell proliferation, 
Therefore, most knowledge about stem cells is based on observations of 
their behaviour in non-homeostatic conditions. 

Furthermore, when imaging stem cells in homeostatic conditions, as 
jvellas after injury and particularly after transplantation, many stem cells 
and stem-cell progeny are highly migratory (see page 322) and can travel 
Jong distances. Therefore, continuous large-volume imaging of whole 
organs or organisms is required to observe them, and this imaging needs 
to be carried out at high temporal resolution (that, with only very short 
intervals between each frame of the movie being constructed). 

In conclusion, the imaging of stem-cell-driven regeneration requires an 
imaging technology that enables the behaviour, and ideally the molecular 
properties, of numerous cells to be observed continuously over many days, 
with high temporal resolution, atthe single-cell evel and in positions that 
are deep in large volumes oflive tissue. 


Imaging modalities for regeneration research 
lof the requirements mentioned in the previous section can be met in 
vidually by various imaging modalities’ °, but there is no single modality 
that allows. a comprehensive approach to stem-cell imaging (Fig. 2). In this 
section, the most relevant imaging modalities for regeneration research 
are discussed: planar and tomographic fluorescence imaging (in this case 
wide-field fuorescence microscopy, confocal fluorescence microscopy, 
multiphoton fluorescence microscopy and fluorescence molecular tomog- 
jluminescence imaging and MRI. The basic technical concepts 
underlying these modalities are described in Boxes 1 and 2. 

‘The most important imaging modalities for live-cell imaging at single- 
cell resolution use light sources to excite fluorescent molecules (or fluoro- 
phores) that are attached to the cells of interest within the tissue (discussed 
later) and then detect the emitted fluorescent light™", These modalities 
include wide-field fluorescence microscopy, confocal fluorescence micros- 
copy and multiphoton fluorescence microscopy. The necessary microscopes 
are comparatively easy to operate (easier than for fluorescence molecular 
tomography or MRI) and inexpensive, and are therefore widely available. 
‘The main limitations of these modalities are limited imaging depth in tissue 
and cell death asa result of phototoxicity, although new microscopes are 
continually being designed to reduce these problems". 

With luorescence molecular tomography, live tissue can be visualized 
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Figure 2) The spatiotemporal resolution of 
different imaging modalities. The filled grey 
rectangle indicates the optimal dimensions for 
the imaging of regeneration. The dimensions of 
{maging modalities applicable to regeneration 
research are overlaid, The lower horizontal 
lines ofeach bax depict the highest temporal 
resolution, and the vertical lines on the left 
depict the highest spatial resolution, The upper 
horizontal lines depict the longest time periods 
that can be observed, and the vertical ines on 
the right depict the largest depths that can be 
‘observed. Typical values are shown: the precise 
performance ofan imaging modality depends 
‘on the settings and the biological sample used. 
In terms ofthe cellular processes of interest, 
the cell cycle of mammalian stem cell can 

last several months, and tissue regeneration 
from stem cells usually takes at least a few days. 
‘Observation periods longer than the indicated 
‘maxima are usually not limited by the method 
‘ofsignal detection but by factors relating tothe 
incubation and immobilization of the biological 
sample, phototoxicity or data-handling 
capacities. MRI magnetic resonance imaging. 
(Figure adapted, with permission, from ref.9.) 
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in vivo toa depth of several centimetres, allowing much larger volumes of 
tissue to be observed than by the other fluorescence imaging approaches 
that have been discussed*"*”. Fluorescence molecular tomography allows 
extended continuous observation with high temporal resolution, but its 
spatial resolution is insufficient for observing single cells. However, the 
technology is developing fast, so improved imaging machinery and opti- 
‘mized modelling algorithms could soon make single-cell maging possible. 
‘The development of new lasers, microscopesand flvarophores that allow 
Jong- wavelength (infrared) imaging will be important improvements for 
all four of these fluorescence imaging modalities (Box 2). 
Bioluminescence imaging enables the observation ofsmall animals ove 
ong periods without the need fora light source to excite fluorophores’ 
Cellular processes can be studied by following the expression of a geneti 
cally encoded luciferase enzyme, whichieleavessubstrates into forms that 
emit photons within live tissues. This approach can take advantage of. 
the fact that luciferases from different organisms are specific for distinct 
substrates, which when cleaved emit photons of different wavelengths, so 
the photons can be distinguished, allowing the simultaneous use of more 
than one marker". However, this system is far from single-cell resolu- 
tion in vivo': because the tissue penetration of the emitted light strongly 
depends on both the thickness of the tissue and the type of the tissue, and 
because no light source with a defined location is used, both quantifica~ 
tion and exact reconstruction of the position of the bioluminescent light 
source are often not possi 
MRLis among the least invasive of available imaging technologies’. 
Expensive new experimental machines have almost enough spatial and 
temporal resolution for continuous single-cell imaging. A major cu: 
rent limitation is the lack of genetically encodable labels with high sig 
nal strengths. In addition, the cost and complexity of the experimental 
‘machines with the strongest magnetic fields means that they are not widely 
available for researching cell-based therapies. The development of new 
labelling materials, together with technical improvements that further 
increase the spatial and temporal resolution and reduce the cost, could 


make MRI the method of choice for tracking the behaviour of individual 
<ellsin large volumes", 

Allindividual imaging modalities have imitations inthe spatial and/or 
temporal resolution or the time span and/or volume that can be observed 
ina single experiment (Fig, 2). In addition to improvements in the indi- 
‘vidual technologies, the desired specifications might also be metby using 
these methods simultaneously to combine their strengths!"""™", For exam- 
ple, MRI can provide anatomical information about unstained tissues that 
would not be detectable by fluorescence imaging, while multiple molecular 
properties (labelled indifferent colours) can simultaneously be detected by 
fluorescence imaging of individual cells within this tissue”. Such multimo- 
dal imaging approaches are still n development but might soon overcome 
the current limitations in the imaging of regenerative processes. 


Labels for measuring cellular properties 

Irrespective of the imaging modality used, the detection of individual 
cells and their functional properties is usually not possible without 
staining. Suitable agents for labelling the cellular property of interest 
are crucial, and a lack of these agents often limits experimental strate~ 
gies. Typical requirements for these agents include long-term biological 
‘compatibility, brightness, stability and the possibility to distinguish sev- 
eral markers simultaneously. Numerous agents for molecular labelling 
are available”, but their usefulness depends on the cellular property of 
interest (Table 1). 

‘To observe homeostatic regeneration experimentally, stem cells and 
their progeny at defined maturation stages must be labelled by using a 
‘genetic strategy, because direct manipulation would be invasive and is 
precluded by both the lack of accessibility of these cellsand the difficulty 
in identifying them in live tissue. 

‘The most important genetically encoded labelsare fluorescent proteins, 
Since the first description of green fluorescent protein (GFP) from thejellyfish 
‘Aequorea victoria more than 40 years ago", many fluorescent proteins 
have been discovered or generated and have been progressively modified 
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Box 1 Selection of fluorophores based on relev: 


optical properties 
‘The following terms describe some basic parameters that determine 
the optical properties of fluorescent molecules (or fluorophores). in 
addition to biocompatibility and size (Table 1), these parameters are the 
‘most important when selecting fluorophores for biological imaging. 


+ Fluorescence: absorption of ight ofa particular wavelength and 
emission of light at alonger wavelength. 

+ Stokes shift: the difference between the excitation wavelength and 
emission wavelength ofa fluorophore. 

+ Extinction coefficient: the efficiency ofa fluorophore at absorbing 
photons at the excitation wavelength 

* Quantum efficiency: the ratio ofthe number of photons emitted by 
fluorophore tothe numberof photons absorbed 

+ Photobleaching: the conversion of a fluorophore intoa non-fluorescent 
state by the absorbed photons. 

* Brightness: the combination ofthe extinction coefficient, the quantum 
efficiency and photobleaching affects the brightness of a fluorophore. 

* Tissue penetrance: the distance that ight can travel through tissue 
without being scattered outside its original path. 


‘To detect a fluorophore ina biological sample, the most important 
{factor is the signal-to-noise ratio. The detectable signal depends on 
the brightness of the fluorophore and on the tissue penetrance of bath 
the excitation and emission light. Also in tissue, high background 
noise can result from the autofluorescence of biological molecules. 
‘Tissue penetrance improves with light of longer wavelengths, at which 
autofluorescence also contributes less to background noise. Therefore, 
{or imaging deep within tissues, itis preferable touse fluorophores that 
‘absorb and emit light with along wavelength (that is, light inthe near- 
infrared region of the spectrum or langer-wavelength light). 


to improve their imaging properties". The simultaneous use of several 
distinguishable fluorescent proteins has become feasible through the 
{generation of new fluorescent proteins with a variety of spectral proper= 
ties" and the generation of fluorescent proteins targeted toa variety of 
subcellular locations has further increased the combinatorial possibilities”. 
Nevertheless, there are still many improvements that could be made. For 
‘example, researchers are eagerly awaiting agents with bright near-infrared 
spectra™, which will result in greater tissue penetration and reduced tissue 
autofluorescence, thereby improving in vivo detection (Box 2). 

‘When using new forms of fluorescent proteins, their biological compati- 
bility must be carefully evaluated in the cells of interest: Inmmany studies, an 
improved form of GEP known as enhanced GFP (eGEP) has successfully 
been used to label cells including stem cells, without affecting the cells’ 
behaviour”. In addition, ated mouse’ in which all ells were labelled 
‘with red fluorescent protein with no obvious negative effect, was gener- 
ated with the advent of a new label, DsRed-MST, However, thorough 
analysis of the effects ofthe related label DsRed- Express later revealed that 
ithad a negative influence on blood regeneration from haematopoietic 
stem cells (HSCs) compared with eGEP™. This study clearly shows the 
importance of carefully testing each new fluorescent protein for toxicity 
in the cell system to be analysed. Nevertheless, although the biological 
compatibility of fluorescent proteins depends on their expression level 
and on the cell type under study, the genes encoding ¢GFP", enhanced 
cyan fluorescent protein and enhanced yellow fluorescent protein”, 
Venus", DsRed-MST™ and mRFPI (monomeric red flaorescent protein 
1)" have been expressed in stem cells or in whole mammals without 
an obvious change in phenotype, so these labels are highly likely to be 
‘non-toxic. Itis important to note that animal models using unmodified 
eGEP asa marker are likely to be of limited use for future studies. The 
simultaneous marking of several genes of interest is crucial, for example, 
for the identification of stem cells or their progeny at specific maturation 
stages. This is not possible ifall animal and cell lines are marked with the 
same fluorescent protein, yet most existing lines are marked by GFP. 
‘When generating new animal lines, researchers should therefore make use 
‘of novel fluorescent proteins, which are likely to make these lines usable 
in combination with other labelled animal lines*""—". 


In addition to fluorescent proteins, several other types of genetically 
‘encoded label are available for different imaging modalities, such as MRI. 
‘An elegant way to tag proteins for labelling is the genetic incorporation of 
small peptide sequences, which can then be detected by direct”™” or indi- 
rect‘ binding to fluorophores orto contrast agents for MRI. The small 
size of these peptide tags is less likely to result in steric hindrance in the 
targeted protein than when using a fluorescent protein, and the possibility 
of changing the fluorophore allows greater flexibility of complex experi- 
‘mental strategies. The production of particular enzymescan be visualized 
with high sensitivity in vitro by adding substrates that are converted into 
specific luorescent or bioluminescent products”™*™", Alternatively, for 
MBI studies, incorporation of the gene encoding ferritin into cells of inter- 
«est can increase the contrast". The number of genetically encoded contrast 
agents in development for multimodal imaging isalso growing”. 

‘The labelling of cells in this way, by genetic modification, is not safe for 
clinical therapy. Non-genetic labelling of cells could be achieved in situ 
by microinjection or, much more efficiently, ex vivo after purification 
(which then requires transplantation) (see page 322). The later approach 
allows the delivery of almost any Biologically compatible contrast agent 
(for example, organie fuoraphores, quantum dots, and contrast labels, 
for MRI), which isan advantagein that these agents have superior prop- 
erties to genetic labels””"*"** (Table 1). However, the concentration of 
non-genetic label is diluted with each cell division, so only the cells that 
have been labelled and theit first progeny after transplantation can be 
visualized, Moreover, changes in cell states, such as differentiation, cannot 
usually be detected; such studies require genetic labelling, In addition, 
purifying and labelling cells ex vivo is invasive and can interfere with the 
normal processes of homeostatic regeneration thatare being studied. Nev- 
ertheless, the tracking of manipulated and transplanted cells is of great 
interest forresearch into regeneration and repair, for example, to monitor 
homing to sites of injury. 

Another type of non- genetic label is quantum dots, which are semicon- 
<uctor nanocrystals witha biologically compatible coating. Quantum dots 
are extremely bright, are photostable and have size-dependent emission 
spectra that range from infrared to blue”, making them ideal for simultane- 
‘ous multicolour imaging. However, the short wavelength of ight required 
forthe excitation of quantum dots means that their use in deep tissue imag. 
ing is limited”. Quantum dots are still a relatively new technology but are 
increasingly being used by researchers, Recent reports strongly underline 
their potential for use in live-cll imaging", and the first approaches to 
genetic labelling using quantum dots have recently been developed”, 


Analysis of imaging data 

In addition to using the appropriate imaging modality and labelling strat- 
gy; it is important to consider how the data that are generated by an 
imaging study will be processed. Imaging experiments can be automated 
to generate large amounts of data”, but analysis of these data is the major 
bottleneck for high-throughput strategies. When searching for novel phe- 
nomena, the available tools for automated analysis are insufficient, and 
‘humans are currently better at recognizing patterns in two-dimensional 
and three-dimensional images. Therefore, with the need for human input 
at this evel, ata analysis is slow. So it willbe crucial to develop better pat- 
tern-recognition algorithms for reliable automated detection and tracking 
of cells (and their behaviour) in live tissue™, In addition, the development 
of algorithms that can evaluate multidimensional data statistically and are 
adapted for the needs of stem-cell biology and regenerative medicine will 
bean important advance. Itis clear therefore that, although itis often 
regarded asa secondary problem, the availability of suitable data-analysis 
approaches is often a limiting factor in imaging studies. 


Imaging of different regenerating tissues 
The current possibilities and limitations of live-cell imaging in regen- 
‘eration research can be illustrated by some of the studies that have been 
carried out in various organ systems: the cardiovascular system, skeletal 
snuscle, the skin, the haematopoietic system and the nervous system. 
‘Numerous imaging studies have analysed the behaviour of cells 
that have been transplanted to regenerate ischaemic heart muscle (see 
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The technical aspects of six imaging modalities that are commonly 
Used in studies of regeneration — wide-field fluorescence microscopy, 
confocal fluorescence microscopy, multiphoton fluorescence microscopy, 
fluorescence molecular tomography, bioluminescence imaging and 
‘magnetic resonance Imaging (MRI) — are discussed here. 

The light paths in these imaging modalities (except for MRI) are shown 
Inthe figure. The imaged specimen is represented as. grey square, and 
excitation (green) and emission (red) light paths are depicted as arrows. 
‘The light-detector planes are shown as blue lines, and the focal plane is 
shown as dashed line. 

Inwide-tield fluorescence microscopy (see figure, panela), the entice 
field of vision is illuminated at the full depth ofthe sample, and all of the 
light that emits from the sample — from within and outside the focal plane 
= Is projected through an objective onto one detection plane. This is 
faster, more sensitive and less phototoxic (thats, causes less cell death) 
than confocal fluorescence microscopy approaches, andit allows live cells 
to be imaged with subcellular resolution, even over weeks"™"*” However, 
cells can be followed to depth of only a few cell diameters. This method 
\s therefore ideally suited to long-term two-dimensional cell maging of 
ex vivo samples. 

Inconfocal fluorescence microscopy (see figure, panel), 
‘monochromatic laser lights usually used for excitation, and the light 
emitted from only a single focal point is detected. Two-dimensional images 
are compiled by sequentially scanning al individual points in one plane. 
‘This allows optical sectioning and better volume imaging than wide-field 
fluorescence microscopy *. But, for each of the scanned pointsieione 
plane, the excitation laser beam also illuminates all points under andiover 
the scanned focal point, so phototoxicity is high 

Inmultiphoton fluorescence microscopy (see figure, panel e) Moce than 
cone laser beam s used to excite the fluorophore, but eachlight beam is 
cof lower energy than that used in confocal fluorescence microscopy". 
Only at the facal point does the laser light combine tayield the energy 
needed for tluorophare excitation. All other points inthe tissue therefore 
receive less energy, reducing phototoxieitycln addition, because light of 


longer wavelength which has less energy) 
isused, this maging approach has greater 
tissue penetrance than confocal fluorescence 
microscopy, alowingimaging toadepth 
‘of many hundred micrometres. However, 
the volumes that can be visualized with this. 
‘modality are still much too smallto allow the 
observation of whole mammalian organs. 
Influorescence molecular tomography (see 
figure, pane! d, lights propagated from a 
source through the tissue toa detector andis 
sequentially analysed at several planar angles. By applying mathematical 
‘models or light propagation intissue, data generated by this tomographic 
approach can be used to reconstruct reliably the position of fluorophores 
toa depth of several centimetres in a quantitative way", The spatial 
resolution of this method is tilltoo low at present for reliable detection of 
‘Single cells (Fig. 2). But the theoretical resolution limits ofthis developing 
technology have not yet been reached, and improvements in imaging 
machinery and in modellngalgorithms are soon likly toimprove 
resolution almostto thecelularlevel. 

In boluminescencelimaging (see figure, pane forthe planar approach), 
photons that are generated intissue inthe absence of excitation ight 
—thatis, photons emitted following the conversion ofa substrate by, for 
‘example, genetically encoded luciferase — can be detected by planar or 
tomographicapproaches™. Emitted light of ong wavelengths (>600nm) 
allows tissue penetrance toa depth of more than Tem. However itis 
‘not possibie to localize the bioluminescent source at celular resolution 
intissbe, andhundreds to thousands of cells are usually needed for 
detectable signals. 


In MRtatoms are aligned in a strong magnetic field and excited by radio 
‘Waves, and then the electromagnetic signals emitted by these atoms are 
detected. Different types of atom have different absorption and emission 


spectra, and these spectra can be compiled to generate a contrast image’. 
Inaddition, paramagnetic contrast agents, which yield very strong 
signals, can be used to enhance the image contrast. MRI canbe applied to 
large volurnes in whole living organisms and has a central role in routine 
clinical imaging of large-volume soft tissues. The current drawback of thi 
technology for experimental research ists limited spatial and temporal 
resolution. The resolution depends on the strength of the magnetic field 
‘and the availabilty of labels that yield high signalstrengths, MRI machines 
used for clinical imaging typically operate with field strengths of up to 

3 tesla, but expensive experimental machines can operate at more than 
20 tesla, allowing imaging of whole live organs with almost enough spatial 
and temporal resolution to follow regenerative processes continuously at 
thesingle-cel level, 


page 322). In these studies, meseltchymal stem cells, bone-marrow cells 
and embryonic stem (ES)-cell-derived cells were labelled with imaging 
agents, transplanted into animals and followed by various imaging 
modalities". The migration of these cells to the heart and the sur- 
vival oftheir progeny was observed. However, the long-term behaviour of 
individual cellsand whether they can regenerate damaged tissues in vivo 
hhas not yet been studied in detail 

‘The cellular mechanisms of skeletal muscle regeneration have recently 
gained attention”, and studies using continuous fluorescence imaging 
have identified skeletal muscle stem cells and pinpointed their mode 
of division®. In addition, continuous fluorescence imaging ex vivo has 
recently confirmed that the original DNA and the newiy synthesized DNA 
are asymmetrically inherited during the division of skeletal muscle stem 
cells in vitro”, 

‘The skin is almost an ideal tissue for imaging. Itis easier to access in 
vivo than other tissues, and the high turnover rates of skin cells make it 
possible to observe the complete development of stem cells into mature 
progeny in a short period. Skin cells are also relatively stationary and are 
organized in a simple three-dimensional arrangement compared with 
other tissues. In addition, genetic markers ofthe Various maturation states 
of skin cells are better defined than for most other stem-cell systems“,and 


there are mouse lines that alow the fluorescent labelling of epithelial stem 
cells in the hair follicle‘ or the clonal progeny of individual stem cells in 
the epidermis". It is therefore surprising that the skin has not been used 
extensively to observe the homeostatic behaviour of stem cells, and itis 
likely to become the subject of in vivo stem-cell imaging studies soon. 
Haematopoiesisis arguably among the most difficult of the mam- 
malian stem-cell systems to image continuously. Blood cells are highly 
migratory and reside in liquid tissues without known three-dimensional 
tissue organization, and most lineages of blood cell cannot reliably be 
distinguished by morphology either it vivo or in vitro. In homeostatic 
conditions, HSCs divide infrequently, and non-invasive long-term imag- 
ing is more challenging in the bone marrow, where HSCs reside, than in 
‘many other tissues. Even so, the continuous observation of homeostatic 
or transplanted haematopoietic cells has been attempted more often than 
for cells of many other tissues"'**“™. Haematopoiesisis better understood 
than other stem-cell systems and has huge clinical importance, but despite 
intensive research in the past decade, many basic questions are still unre- 
solved”. For this reason, the importance of continuous observation of 
cellular behaviour soon became clear and led to imaging attempts earlier 
than in other systems. For example, bioluminescence imaging was used to 
visualize the progeny of transplanted HSCs in various anatomical locations 
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‘Table 1| Properties of typical fluorophores: 


Fiuorophore ype Brightness Direct Long-term Yasue Non-iwvashee Mult 
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of even a single new technology could lead to a breakthrough in how 
regeneration is understood. 

In clinical studies, the imaging of degenerating or regenerating heart, 
skin and cartilage would provide important insights into how cell populs 
tions migrate and turn over, how stem cells and progenitor cells contribute 

sue development, and how regenerative processes and inflamma- 
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in recipient animals (such as the bone marrow of the legs, the vertebrae 
and the ribs)" bur the resolution was many orders of magnitude lower 
than single-cell resolution, Continuous observation of haematopoietic 
‘progenitor cells in the bone marrow was achieved at single-cell resolution 
by using multiphoton fluorescence microscopy"*™. This modality was 
also used to study the homing of normal and malignant haematopoietic 
progenitor cells in the bone marrow and to characterize the specialized 
niches of these cells, 

Considerable efforts have been made to reduce the number of molecu: 
Jar markers required for reliable prospective identification of HSCs in 
homeostatic conditions’ or haematopoietic cells of specific maturation 
states™. So far, the most successful approach has enabled homeostatic 
HSCs to be identified with up to 50% reliability using a combination 
‘of markers but only two colours’. Further identification of individual 
markers that allow the unequivocal prospective identification of different 
‘maturation stages of haematopoietic cells will be crucial for generating 
transgenic animals that can be used to observe haematopoiesis in the 
bone marrow continuously. 

In contrast to most tissues in adults, the central nervous system has a 
low regenerative activity, and neural stem cells reside in regions of the 
adultbrain thatare difficult to access by most imaging modalities”. There 
fore, an important model system for studying neural regeneration isthe 
developing central nervous system in the embryo. Slice preparations of 
developing central-nervous-system tissue can be imaged continuously 
for a limited time in vitro, and such studies have provided direct proof 
ofthe neurogenic potential of glial cells and have identified the division 
modes that generate neurons”. In addition, neural-cell migration has 
been analysed in live embryonic brains in utero by Using multiphoton 
microscopy’, opening up the possibility of studying neurogenesis in the 
intact developing central nervous system in vivo, Recent studies using 
various time-lapse imaging modalities have analysed both homeostatic 
regeneration and injury-induced repair processes in the adult rodent brain. 
and the human brain™ “Inthe futureyan important goal will be to follow 
individual cells over a period of days duritig regeneration, with read-outs 
for the changing differentiation states. 

Finally, ES cells hold great promise for regenerative medicine. ES cells 
‘can be maintained indefinitely in an undifferentiated state in vitro, are 
highly proliferative and have the potential to differentiate into every cell 
type in the body (see page 306). In addition, molecular markers of many of 
their differentiation states have been identified. For these reasons, ES cells 
are ideal for continuous imaging in vitro. Surprisingly, they have not yet 
been used extensively for the long. term study of differentiation events. But 
‘human ES cells in particular, are likely to increase in importance, forming 
the basis ofa clinically relevant, physiological in vitro model of regenera- 
tion that can be used for continuous observation at the single-cell evel. 


Future developments: 

‘The ideal situation would be to observe unstained whole organisms over 
period of weeks, with a spatial resolution at the molecular level and a 
temporal resolution of milliseconds. The technology should be applicable 
to humans receiving therapy and suitable for automated high-throughput 
data collection, with subsequent unsupervised comprehensive analysis 
of these data, Clearly, this goal is far from reach, but the development 


tory processes interact. Most fluorescence imaging approaches, however, 
are not safe enough for studying humans and have observation volumes 
that are too limited to be useful in humans. Therefore, MRI is likely to 
remain the most important imaging modality for observing regenera- 
tive processes in humans. Because improving the sensitivity and image 
resolution of MRI is expensive (and only small linear improvements in 
resolution are possible), the development of new biologically compatible 
agents that provide strong contrast holds the greatest promise for improv 
ing the images obtained by MRI ofthe human body, allowing the detection 
of smaller populations of cells. 

Using animal models and extrapolating the findings to humans might 
therefore be the best way to observe specific sites, cell populations or time 
windows that are of interest during regenerative processes in humans, as 
wellas to reduce the requirements forthe imaging modalities that are used, 
‘The development of small optical imaging sensors (such as implantable 
miniaturized microscopy systems) that allow endoscopic access or even 
transient implantation at sites of interest could help to facilitate the use 
of shorter-range but higher-esolution optical modalities, These sensors 
could also help to reduce the problems associated with long anaesthe- 
sia and possibly with tissue immobilization, both of which are required 
for long-term observations with current imaging modalities. In terms of 
the modality;mesoscopic tomography" (which allows observations to be 
madeiin the millimetre to centimetre range) holds the greatest promise 
forimaging in animal models: there isstill room for substantial technical 
improvement not only to the machinery but also to the modelling algo. 
rithms'underlying this relatively new technology, The spatial and temporal 
resolution and the volumes that are observable with this modality are likely 
to increase soon, together with improvementsin the ability to observe light 
‘fseveral wavelengths simultaneously possibly enabling whole live ongans 
tobe observed continuously at single-cell resolution. 

‘The greatest potential for optimizing imaging approaches for regenera 
research probably les in applying new insights from stem-cell biology 
and well-defined animal models of regeneration. The identification of 
‘additional molecules that mark specific cellular properties or maturation 
states during stem-cell differentiation would enable these properties to 
bellabelled with distinct agents of various colours (or spectral properties), 
which are constantly being improved. Invertebrate and zebrafish model 
systems have superior properties for imaging asa result of their small size, 
Jow opacity and fast development from embryo to adult. Despite anatomi- 
cal differences, insights into dynamic cellular behaviour that are gained 
using these models could help to focus imaging efforts in, for example, 
‘mouse models, with the ultimate goal being to confirm the findings about 
regenerative mechanisms by subsequently studying humans. 

“The imaging of regenerative processes involves researchers from many 
disciplines and is at constant risk of being delayed by the differences in 
interests, technical language, funding and philosophy in the relevant areas 
of academic and industry research. Despite this, the potential benefits 
of regenerative medicine should be a strong motivation to continuously 
improve imaging strategies that will enable stem-cell-driven regeneration 
in mammalsto be completely understood — simply by letting researchers 
watch it happen. . 
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True polar wander on Europa from global-scale 


small-circle depressions 


Paul Schenk’, Isamu Matsuyama’ & Francis Nimmo* 


‘The tectonic patterns and stress history of Europa are exceedingly 
complex’ and many large-scale features remain unexplained. True 
polar wander, involving reorientation of Europa’s floating outer 
ice shell about the tidal axis with Jupiter, has been proposed” as a 
possible explanation for some of the features, This mechanism is 
possible if the icy shell is latitudinally variable in thickness and 
decoupled from the rocky interior. It would impose high stress 
levels on the shell, leading to predictable fracture patterns’. No 
satisfactory match to global-scale features has hitherto been found 
for polar wander stress patterns’. Here we describe broad arcuate 
troughs and depressions on Europa that do not fit other proposed 
stress mechanisms in their current position. Using imaging from 
three spacecraft, we have mapped two global-scale organized con- 
centric antipodal sets of arcuate troughs up to hundreds of kilo- 
metres long and 300m to ~1.5km deep. An excellent match to 
these features is found with stresses caused by an episode of 
'~80° true polar wander. These depressions also appear to be geo- 
graphically related to other large-scale bright and dark linea= 
ments, suggesting that many of Europa’s tectonic patterns may 
also be related to true polar wander. 

‘Three arcuate troughs 25-40 km across and =500 km Jomig have 
been identified on Europa from imaging data obtained with Voyager, 
Galileo and New Horizons spacecraft (Figs 1,2). Although no bound. 
ing walls, scarps or geologic discontinuities can be resolved in Galileo 
images, the observed topographic subsidence suggests that extension 
has occurred. Two troughs are observed on thelleading hemisphere, 
forming opposing quadrants of a large, essentially perfectly circular, 
feature 2,350 km in diameter (Fig. 2). Together, these arcs, referred to 
as circle L, have a least-squares best-fit centreof 10°S, 120° + 1 W 
and spherical radius of 43.3”. Circle L is of a type known as a ‘small 
circle as its plane does not go throuigh the centre of Europa. Neither 
trough deviates more than 0.3" from cireularity (Supplementary Fig. 
1), The circle is symmetric but incomplete; troughs are absent in the 
northwest and southeast sectors, despite suitable imaging (Figs 1, 2), 
and apparently did not form. 

Only one arcuate trough segment was observed on the trailing 
hemisphere (Figs 1¢, 2). This trough has a best-fit centre of 10° N, 
300° W, antipodal to circle Land forming part of a second circular 
trough feature, circle T. By symmetry with circle L, we expect another 
segment near 270’ W, but neither Voyager nor Galileo acquired 
low-Sun imaging in this region (Fig. 2). No trough has as yet been 
identified in New Horizons’ imaging of this region, owing to the 
morphologic complexity of the region and low image resolution 
(~17km per pixel). 

Several shorter arcuate closed depressions 100-200km long also 
occur parallel to, and in close association with, the long arcuate 
troughs (Figs 1, 2). These occur 48° to 52° from the respective 
best-fit centres in widely dispersed positions 100 to 300km exterior 


to the larger arcuate troughs. Two morphologies occur (Fig, 1): sets 
of two to three parallel shortilinear troughs <100km apart, and 
‘solated elongate bulbous shaped steep-walled depressions (Fig. 3). 

Limited stereo and photoclinometric topography (Supplementary 
Information) indicate relief across arcuate troughs of 300+ 50m, 
but relief across secondary basins is found to be 900-1,500m. The 
latter are the deepest features known on Europa, with relief compar- 
able to elevated plateaus.elsewhere™"’, indicating a total dynamic 
range of relief on Europa of nearly 2km, Despite their depths and 
pervasive deformation across most of Europa, there are no indica~ 
tions of disruptions deformation or lateral displacement of pre- 
existing features across the floors of these depressions, nor are there 
indications of emplacement of new material on these depression 
floors (Fig. 3). Ridges and chaos on Europa either pre-date these 
depressions, or formed unaffected by their presence, 

‘Theobserved troughs and secondary basins (Fig. 2) form two well- 
defined and antipodal sets of concentric small-circle depressions 
{SCDs)", offset 10° from the equator and 30° from the present tidal 
axis (oriented towards Jupiter). SCD geography appears correlated 
with several major geologic features on Europa, A great circle 
oriented ~50 to the equator through the best-fit centres (Fig, 4) 
approximately bisects all three observed trough segments, and passes 
near and parallel to two unusual bright bands on Europa, Agenor 
Linea‘? and Corick Linea". Both bands are also antipodal to each 
other and lie midway between each circle. This symmetry is unlikely 
to be mere coincidence. On either side of Agenor Linea (and the 
great circle) lie two zones of orthogonal strike-slip and pull-apart 
faulting associated with dark wedge-shaped bands’; this faulting 
involves formation of >100km of new lithospheric material. 
Stratigraphically, Agenor Linea and the pull-apart bands are inter- 
mediate to young in age. If SCDs, pull-apart bands and bright 
bands are related, then the SCDs might also date from this period. 

The global nature and symmetry of the SCDs suggests that global 
stresses are involved, most probably those due to global expansion/ 
contraction“, tidal flexing”, despinning"* and/or reorientation. 
Reorientation can include non-synchronous rotation” about the 
polar axis, and true polar wander’ (TPW), involving rotation of 
the polar regions to the equator. Expansion/contraction gives rise 
to isotropic stress patterns’. The orientations of large-scale linea- 
ments on Europa, specifically cycloid ridges and triple bands, are 
consistent with diurnal stresses" and ordinary non-synchronous 
rotation'*'™", respectively, although we note that these global stress 
patterns (as well as despinning stresses) are symmetric about the 
equator, unlike our features. Accordingly, we consider that stresses 
due to reorientation of the surface relative to the principal axes*" are 
the most likely cause of the circles. 

Reorientations due to TPW and to non-synchronous rotation are 
both dynamically possible on Europa’. Non-synchronous rotation 
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generates compressional features centred on the initial tidal axes", 
Which makes the offset location and inferred extensional nature of the 
SCDs hard to explain, Furthermore, as the SCDs are not centred on 
for symmetric about the current equator, some TPW must have 
occurred, and TPW results in extensional stresses around the original 
rotation axis, Pall-apart bands" and strike-slip fault and chaos 
ributions™ may be related to TPW, but a definitive interpretation 
has not heen possible because the limited Galileo imaging prevents 
global mapping of these smaller-scale features. Reorientations 


Figure 1 | Regional views of global-scale arcuate troughs and basins on 
2, Southwest quadrant, circle L(L, leading hemisphere: view centred 
at 25° S, 160° W); b, northeast quadrant, cicle L (view centred at 12° N, 
85° W):6, northwestern quadrant, circle T (T, trailing hemisphere: view 
centred at 27°N, 340” W). Main arcuate troughs (black arrows) and 
secondary basins (white arrows) are highlighted. Both types are ~20-30 km 
‘wide but secondary basins are only 100-800 km long. Vertical scale bars are 
100 km in these cylindrical map projections. d, New Horizons imaging” 
(bottom) confirms the northward continuation of the main arcuate trough 
(arrows) within the Galileo mapping coverage gap (top, and blurry area of 
¢). North is to top and the Sun is to the west (left) in all images. 
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Longitude 
Figure 2 | A global map ofthe distribution of large-scale arcuate troughs 
land basins on Europa. Black curves, locations of arcuate troughs and 
secondary basins. Low-Sun regional Voyager and Galileo imaging ofthe type 
required to obscrve these features (white regions) covers approximately 
20-30% of the surface in widely dispersed north-south longitudinal bands at 
220-1,500.m per piel resolution, New Horizons acquired imaging at 
17-20km resolution between longitudes 270° and 360° W, showing a 
northern extension of the trough segment at 340° longitude into the 
Voyager-Galileo data gaps Dots are least-squares centres of curvature for 
<ircleL(L) and circle T (T). Dashed curve at 2707 W isthe predicted location 
‘of the eastern arcuate trough segment of circle T, unobserved by Galileo and 
not detected by New Horizons. Longitude isin degrees west; postive and 
negative latitude denotes degrees north and south, respectively. 


approaching'90° have been predicted for Europa’ and are more likely 
to ogcur around the tidal axis”, Stresses developed during TPW are 
typically an otder of magnitude (or more) larger than diurnal tidal 
stresses%s Large TPW, with the initial rotation axis passing near the 
‘Meridians containing the centres of the SCDs, is required to explain 
the location of the SCDs. 

Figure 4 plots the stress contours and fracture patterns arising 
from 80° of TPW roughly around the tidal axis, combined with a 
small amount (0.002%) of isotropic expansion (Supplementary 


Figure 3 | Highest-resolution image mosaic of a large secon 
Europa. Shown is high resolution (280 m per pixel) Galileo image mosaic 
‘ofthe southern part of a large secondary basin (d) in the southwest quadrant 
of cirdle L. Low-resolution data in the upper section i global context imaging 
at 1.5 km per pixel. Continuity of ridges and dark features across the margin 
of the basin and a lack of unusual resurfacing on its floor are evident. Scene is 
‘an enlargement ofthe centre left portion of Fig. 1a. Image resolution (230m 
per pixel) is not sufficient to resolve the nature of the steep margins, which 
‘most probably are due to unresolved normal faults or to monoclinal folding. 
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Information). We arrived at a solution with the palacopole at 10° N, 
280° W, and a self-consistent reorientation of the tidal axis such that 
the initial sub-Jupiter point (0°, 0° W) is now at 10°S, 8.2°W. 
Although there are similar solutions that can match the size and 
location of the SCDs, all of them involve a large TPW and a small, 
self-consistent reorientation of the tidal axis. We chose the solution 
with the palaeopole at 10” N, 280° W because, in addition to match- 
ing the location and size of the SCDs, the deviatoric stress is 
maximum where depressed segments of the circles are observed. If 
the arcuate troughs are extensional, then they are likely to form first 
within the regions dominated by extensional faulting where the 
maximum extensional stresses occur. The locations and orientations 
of the SCDs follow this prediction very closely (Fig. 4). If Agenor and 
Corick Lineae are strike-slip duplex features’, their locations (and 
perhaps their orientations) are also consistent with the predicted 
stresses, as are the locations and orientations of the orthogonal 
pull-apart bands (Pig, 4b). 


Figure 4 | Global colour mosaic and predicted stress patterns for true polar 
‘wander in a thin elastic shell on Europa, a, Colour mosaic, Blue curves are 
SCDs, wavy green lines are bright curvilinear bands Agenor Linea 
(180-240" W longitude) and Corick Linea (0-50 W longitude); ed outlined 
regions are pull-apart band dilational and strike-slip zones’. A great circle 
(heavy black curve) roughly bisecting the long arcuate troughs and the two 
strike-slip zones is also shown. Long arcuate triple bands le either side of 
these zones and converge towards the centres ofthe two circles. by Stress! 
fracture map. Palacopole locations (solid dots: palaco-north-pole 10°N, 
280" W) and initial tidal axes (triangles: palaco-sub-Iupiter-point 10°, 

8,2’ W) are shown, Total angular reorientation is 80’; isotropic extensional 
strain is 0.002%, The short red lines, yey crosses and blue lines indicate 
directions ofthe expected normal, strike-slip and thrust faulting, respectively. 
Blacklines separate these tectonic regions. Two zones of extensional stress are 
‘separated by 180° and offset in latitude by 20’, separated by regions in which 
strike-slip motions dominate. The centres ofthe extensional regions are offset 
in longitude from the meridians containing the initial rotation axis because 
the reorientation geometry requires a small (8.2) eastward longitudinal 
reorientation of the tidal axis such that the rotational and tidal axes remain. 
perpendicular. Pull-apart bands are associated with both dilation and strike- 
slip faulting oriented northeast-southwest and northwest-southeast’, and 
Agenor Linea may be a strike-slip zone in combination with extension o 
‘compression’, both consistent with the predicted pattern, Shaded regionsand 
‘contours correspond to deviatoric stress in units of MPa. Stresses were 
calculated assuming a shear modulus of 9.3 GPa (ref. 22) and Love number 
= 1. We note that the fit between feature and stress patterns may be 
‘enhanced ifa further TPW shell rotation of ~15° is assumed. 
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Assuming that the secondary basins are fault-bounded, a 
maximum depth of 1 km implies a total extension of ~2km, or a 
global strain of ~0.02%. An isostatically supported trough 1 km deep 
would imply a minimum shell thickness of 6-17 km (ref. 8), depend 
ing on shell and ocean composition, although short shell-flow time- 
scales’ suggest that flexural support may be a more likely 
mechanism, 

‘The SCDs form a striking set of features unique to Europa. An 
~80" reorientation event involving TPW explains the observed 
locations, orientations and characteristics of the SCDs. Large-scale 
lineaments such as pull-apart bands, bright bands, as well as triple 
bands (currently thought to have formed during ordinary non- 
synchronous rotation"), form a symmetric pattern with respect to 
‘TPW stress patterns, and can also potentially be explained as exten- 
sional or strike-slip features formed during this TPW episode. These 
correlations suggest that the origins of many of Europa’s tectonic and 
diapiric features’ should be re-evaluated to determine whether they 
also formed, or were displaced’, during the reorientation proposed 
here. This can partly be accomplished with Galileo's severely limited 
mapping coverage, but willultimately require a new high-resolution 
slobal mapping mission to Europa. 

Polar reorientation by=70-90° is an expected consequence of 
latitudinally varying thickness in a decoupled ice shell on Europa", 
although dissipation within the ice shell is likely to reduce this 
reorientation Somewhat”. TPW on Europa also provides an inde- 
pendent line of evidence that the ice shell is (or once was) floating 
fon a sub-surface water ocean‘, Our hypothesized episode of 
‘TPW placés)Europa in the company of Mars”, Enceladus and 
perhaps Miranda”, and may have fundamentally reshaped 
Europs'geology. 
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A GaAs polariton light-emitting diode operating near 


room temperature 


S. |. Tsintzos', N. T. Pelekanos'”, G. Konstantinidis’, Z. Hatzopoulos”” & P. G. Savvidis'” 


‘The increasing ability to control light-matter intera. 
nanometre scale has improved the performance of semiconductor 
lasers in the past decade. The ultimate optimization is realized in 
semiconductor microcavities, in which strong coupling between 
quantum-well excitons and cavity photons gives rise to hybrid 
half-light/half-matter polariton quasiparticles'. The unique pro- 
perties of polaritons—such as stimulated scattering™, parametric 
amplification’ *, lasing™"’, condensation'’"’ and  superflui- 
dity'*—are believed to provide the basis for a new generation 
of polariton emitters and semiconductor lasers. Until now, pola- 
riton lasing and nonlinearities have only been demonstrated in 
optical experiments, which have shown the potential to reduce 
lasing thresholds by two orders of magnitude compared to con- 
ventional semiconductor lasers'*. Here we report an experimental 
realization of an electrically pumped semiconductor polariton 
light-emitting device, which emits directly from polariton states 
at a temperature of 235K. Polariton electroluminescence dat 

reveal characteristic anticrossing between exciton and cavity 
modes, a clear signature of the strong coupling regime. These 
findings represent a substantial step towards the realization 
efficient polaritonic devices. with unprecedented 


‘The study of polaritons in semiconductor microcaviffes has led to 
a wealth of experimental demonstrations in the past ten years, includ. 
ing polariton stimulation’, amplification and lasing”. Ina 
polariton laser, the emission of coherent monothromatic light 
requires no conventional population inversion scheme, owing to 
the bosonic nature of exciton-polaritons, which enables them to 
condense in a single quantum state‘ The coherence in the emitted 
light is inherited directly from this macroscopically coherent state 
through radiative decay of polaritons. However, until now polariton 
lasing and nonlinearities have only been demonstrated in optical 
experiments (using either non-resonant éxtitation or an efficient 
stimulated polariton scattering mechanism to generate polaritons), 
which show the potential of polariton lasers for lasing thresholds 
reduced by two orders of magnitude compared to conventional semi- 
conductor lasers". In the context of light sources, polariton devices 
based on electrical injection, rather than optical pumping, would be 
more suitable for real-world applications. A number of key issues, 
such as the resistivity of p-type distributed Bragg reflector (DBR) 
mirrors at low temperatures", cavity losses related to doping of the 
mirrors, and polariton stability under electrical injection, have 
thwarted so far the realization of any electrically pumped polariton 
emitting semiconductor device. 

Electrical injection of a microcavity light-emitting diode (LED) in 
the strong coupling regime has only been reported recently in organic 
semiconductors. The drawback of organic microcavities is that the 
electroluminescence spectra are superposed on emission from the 


hole-injection diamine derivative (TPD) layer and localized excitonic 
states that do not stronglycouple to cavity photons, restricting 
severely the purity and efficiency of polaritonic emission, 
Furthermore, a different type of imersubband polariton has been 
reported recently in quantumscascade structures along with a 
demonstration of a/mid-infrared polariton quantum cascade LED 
device”. However, the validity of the bosonic description for inter 
subband polaritons femaifs to be tested experimentally, raising 
fundamental questions about whether it is possible to produce a 
polariton-based laser, 

‘The microcavity LED structure ofthis work was grown by mol 
Jar beam epitaxy on a GaAs (001) n* substrate (Fig, 1a). The bottom 
DBRimirror consists of 21 periods of GaAs/AIAs n-type doped 0 
2. 10"%em_’, whereas the top DBR consists of 17 periods of GaAs! 
AlAs p-typeWoped to 4 x 10cm”. The 52/2 GaAs cavity contains 
three pairs of Ino Gao 9As/GaAs quantum wells placed at the anti- 
nodes of the electric field (Fig. 1b). Polariton LED mesas with 400 pm 
diameter were dry etched using BCly/Cl; reactive ion etching. The 
etching was deep enough to remove the top p-type DBR and ensure 
dlectrical isolation of the device. An n-type (Au/Ge) ohmic contact 
‘was evaporated on the back side of the substrate and a ring-shaped 
p-type (Ti/Pt) ohmic contact was deposited on top of the mesa, The 


Figure 1| Schematic sketch of the polariton microcavity LED. a, The 


structure consists of a 5)/2 cavity surrounded by two doped GaAs/AIAs. 
DBRs. Dry etching was used to expose the p-DBR, forming round mesas of 
4400 jim diameter. To enable light emission from the front side, ring-shaped 
p-type ohmic contact was deposited on the top of the mesa, and the n-type 
contact was deposited on the back side of the substrate. QW, quantum well. 
Current source A is used to bias the device. b, Electric field and refractive 
index distribution along the structure, Elevated temperatures necessitate the 
‘use of three pairs of Ing ,Gag 9As/GaAs quantum wells placed at the 
antinodes of the electric field to enhance the exciton oscillator strength 
required for strong coupling. 
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sample was designed to exhibit the strong coupling regime at elevated 
temperatures to avoid injection problems associated with the high 
resistivity of p-type DBRs at low temperatures. To minimize the 
doping-related losses inside the cavity, the first half period of the 
DBRs, where penetration of the electric field into the mirror is con. 
siderable, was kept undoped. Reflectivity measurements on the sam: 
ple show two coherently coupled exciton-photon states separated by 
a Rabi energy of 4.4 meV at a temperature of 220K, demonstrating 
that doping-induced cavity mode broadening is not a restrict 
To resolve the rich angular props 
our polariton emitter, a specially designed goniometer was built to 
collect light from a wide range of angles. Angle-resolved electro. 
luminescence measurements were performed in a temperature 
controlled, closed-cycle, electrically wired liquid helium cryostat 
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Figure 2 | Polariton electroluminescance emission versus temperature. 
a, Electroluminescence spectra from the polariton LED structure for 
different values of temperature at zero angle and an injection current of 
(04 mA, Relative tuning of the exciton resonance X through the cavity mode 
is achieved by exploiting different energy shifts of the two modes with 
temperature. Characteristic anticrossing behaviour is revealed. 6, Contour 
plot and extracted peaks ofthe polariton emission shovn in a, resolving the 
two polariton branches as a function of temperature, The solid ines are 
theoretical fits, while the dashed and dotted lines are the bare exciton and 
cavity modes, respectively. Rabi splitting of 4.4 meV is observed at 219K. 


LETTERS 


The light was collected through an optical fibre mounted on one of 
the goniometer arms. 

The demonstration of the strong coupling regime in a variety of 
semiconductor systems via measurements of reflectivity, transmis 
sion, or photo- or electroluminescence involves the ability to tune 
either ofthe excitonic and cavity mode resonances with respect to the 
other, showing the characteristic anticrossing/coupling between the 
two modes. To study emission properties of our microcavity polari 
ton LED device under electrical injection, we used both temperature 
and angular tuning measurements to prove that emission arises truly 
from polariton states. The emission energy of the quantum well 
excitons follows the temperature dependence of the GaAs bandgap 
(about ~0.38 meV K~! at 220K), whereas the corresponding cavity 
mode energy shift is due to the change of the refractive index and is 
much weaker (about ~0,102meV Kat 220K). 

Figure 2 shows electroluminescence spectra from the polariton 
LED for different temperatures between 180 and 260 k, collected at 
zero angle. The emission ab 180 K consists of a high energy quantum 

on line X at 1.357 eV anda low energy cavity mode line C at 

1.347 eV. The increase ofthe sample's temperature by 80 K tunes the 
exciton energy by 28meV downto 1.328 eV, and the cavity mode by 
74 meV down to,1-34 eV, Notably, at 260K the low energy line has 
transformed into excitonic emission whereas the high energy line has 
transformed into eavitymode emission, The exciton and cavity 
modes are Well tesolved over the entire temperature range, and 
exhibit the charactetistic anticrossing behaviour of the strong coup. 
ling regime. This shows that electroluminescence inthis intermediate 
smperature range arises unambiguously from exciton polariton 
states in the Strong coupling regime, which is demonstrated for the 
first time in electrically pumped semiconductor microcavities. It 
should be noted that although excitonic transitions in bare 
IngiGaoyAs/GaAs quantum wells are resolved in absorption mea 
surements up to room temperature, the emission from these struc 
sis largely dominated at elevated temperatures by free electron 
hole pair recombination. These findings are remarkable, and suggest 
that by dressing the exciton with a photon in a semiconductor micro: 
cavity, the excitonic contribution to the emission becomes dominant 
even at high t 

To shed more light on the dispersive features of the two polariton 
branches, the peak positions from the e 
extracted and plotted in Fig. 2b. An excellent fit of the upper and 
lower polariton branches is obtained by applying a coupled harmonic 
‘oscillator model to our data. In this model, the temperature depen 
dence of the exciton and cavity modes has been taken into account, as 
described above. Small deviations from experiment could be well 
understood by considering that no dependence of exciton oscillator 

ingth on temperature has been included in the model. The fits 
reveal that the condition of zero exciton-photon detuning 
angle is reached at a temperature of 219K with a normal mode Rabi 
splitting of 4.4 meV, in agreement with the reflectivity spectra taken 
‘on the same mesa at the same temperature. 

To investigate polariton relaxation dynamics under electrical 
injection at this elevated temperature, electroluminescence is 
recorded as a function of angle for a fixed current of 1= 0.2 mA, at 

mperatures of 220K and 195K, achieving zero and negative 
(6= -7meV) detuning conditions, respectively. Selected characte. 
ristic spectra at different angles are plotted in Fig. 3a, b. The extracted 
peak positions, resolving the complete polariton dispersions at these 
different detunings, are shown in Fig. 3c, d. For both detuning con. 
ditions, clear anticrossing between the two polariton branches (upper 
and lower) is resolved. In Fig. 3 f, polar plots ofthe integrated lower 
polariton branch emission for two different injection currents are 
shown. For zero detuning, a ring-shaped emission at 15° is observed 
atlow injection current, indicating the presence of a bottleneck eect, 
often found in similar structures at low temperatures, due to the 
suppressed relaxation of exciton polaritons on the lower polariton 
branch™. The relaxation bottleneck at zero detuning appears to be at 
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least partially suppressed when increasing injection current to 
3.0 mA, due to increased inter-carrier scattering, which leads to faster 
relaxation of polaritons along the branch, enhancing the emission 
into the normal direction, More pronounced bottleneck suppression 
is found for negative detuning, where the ring-shaped emission 
peaked at 21° at low current is completely suppressed with increased 
injection. Bypassing relaxation bottleneck effects is a crucial step 
towards the development of an electrically pumped polariton laser. 
A legitimate question to ask is whether increasing injection density 
will lead to polariton lasing or to a collapse of the strong coupling 
regime and transition to conventional vertical cavity surface~ 
emitting laser (VCSEL) operation, To achieve the higher inject 
densities needed for such a test, we resort toa neighbouring device on 
the same wafer with shifted cavity mode resonance, which exhibits 
the zero-detuning condition in the normal direction at 235K. The 
injection is improved at higher operation temperatures because of 
the lower series resistance of the p-type DBR. In Fig. 4a, electrolumi- 
nescence spectra normalized by current are shown as a function of 
injection current. At low injection currents, two clearly resolved 
polariton peaks are evident. With increasing injection current, the 
two polariton peaks progressively merge into a single emission line, 
underscoring the transition to the weak coupling regime (Fig. 4b), 
that is, that of a VCSEL operation. The integrated electrolumine- 
scence emission from both polariton peaks shows a superlinear 
(quadratic) increase (Fig. 4c). To see if this superlinearity is of an 
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Figure 3 | Angle-dopendent polariton electroluminescence. a, b, Sets of 
selected spectra under electrical pumping asa function of collection angle for 
zero and negative (3 = ~7 meV) detuning conditions, respectively. T, 
temperature; [, current. ¢, d, Polariton energy dispersions. Excellent fits 
(solid lines) are obtained using a coupled harmonic oscillator model for 
different detunings. Bare exciton and cavity mode energies are shown 
dashed. UP, upper polariton; LP, lower polariton. 
integrated lower polariton emission at various angl 
‘currents, Ring-shaped emission at 15° (21°) is observed at low injection for 
zero (negative) detuning, indicating the presence of a bottleneck. Partial 
suppression of the relaxation battlencck is observed at higher injection 
‘currents for both detunings. 
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intrinsic character, we performed optical non-resonant excitation 
experiments under the same conditions using a 846nm continu- 
ous-wave laser. Identical superlinearity is observed in the optical 
experiments, as shown by circles in Fig. 4c, strongly suggesting that 
its origin is of an intrinsic character. The observed superlinear 
dependence on current could be attributed to the enhanced relaxa- 
tion of polaritons down the lower polariton branch with increasing 
injection, as pointed out in the discussion of Fig, 3. 

By measuring the optical power for which the photoluminescence 
emission intensity is identical to the electroluminescence intensity at 
I= 1m (Fig. 4c), we estimate that at the maximum current injec~ 
tion of 22 mA in our experiments an estimated density of 10" polari- 
tons cm “are injected per quantum well. This density compares well 
to the exciton saturation density of 3X 10" polaritonsem * per 
quantum well", considering the much higher temperatures in our 
experiments, The above observations indicate that the present injec- 
tion scheme is unlikely to yield a polariton laser, owing to inefficient 
polariton relaxation down thePolariton branch. A possible approach 
‘would be to bypass the relaxation bottleneck, possibly by using fast 
Jongitudinal opticalphonon enhanced relaxation ina different device 
geometry. 

Our findings open théway for the development of a new 
generation of polariton emitters and novel forms of lasing in 
semiconductorsyusing the well-established and mature GaAs tech- 
nology. The advantages of electrically pumped polariton emitting 
devices operating in the strong coupling regime are many. First, 
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Figure 4 | Current-dependent polariton electroluminescence. 
2, Normalized electroluminescence spectra with injection currents shown, 
obtained in the normal direction at 235 K for zero detuning, At higher 
currents, a pulsed current source with a duty cycle of 1:200 is used to 
climinate heating effects b, Extracted lower and upper polariton peak 
positions, showing the onset of the weak coupling regime at high currents, 
6; Integrated lectroluminescence intensity of both the lower and upper 
polariton peaks (filled symbols), showing a quadratic supertinear 
dependence. For comparison, the solid line represents a linear dependence. 
In open symbols are shown the integrated photoluminescence peak 
intensities obtained for various optical powers of excitation, showing the 
same superlinear dependence. 
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they offer dramatic enhancement of spontaneous emission rate even 
when compared to conventional resonant cavity light-emitting 
diodes (RCLEDs). In the strong coupling regime, the characteristic 
time in light-matter interactions is set by Rabi oscillation rather than 
the radiative lifetime. This makes polariton-based emitters ideal can- 
didates to become future LED devices of unprecedented quantum 
efficiency and ultralow power consumption. Second, the four orders 
of magnitude lower density of states of polaritons allows stimulation 
to be achieved at much lower carrier densities compared to other 
semiconductor lasers, It is expected that polariton lasers will have at 
least one order of magnitude lower lasing thresholds, The essential 
element in all the above devices is the ability to electrically pump 
polaritons without destroying the strong coupling regime at elevated 
temperatures—as demonstrated here. We note that after this manu- 
script was submitted, we became aware of recent reports of polariton 
electroluminescence in GaAs microcavities*™*, which, however, is 
restricted to low temperatures, 
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Superconductivity at 43 K in an iron-based layered 


compound LaO,_,F,FeAs 


Hiroki Takahashi’, Kazumi Igawa’, Kazunobu Ari’, Yoichi Kamihara’, Masahiro Hirano”” & Hideo Hosono™* 


‘The iron- and nickel-based layered compounds LaOFeP (refs 1, 2) 
and LaONiP (ref. 3) have recently been reported to exhibit low- 
temperature superconducting phases with transition tempera- 
tures T, of 3 and 5 K, respectively. Furthermore, a large increase 
in the midpoint 7, of up to ~26 K has been realized’ in the iso- 
crystalline compound LaOFeAs on doping of fluoride ions at 
the ©?” sites (LaO,_,F,FeAs). Experimental observations™* and 
theoretical studies’ suggest that these transitions are related to a 
‘magnetic instability, as is the case for most superconductors based 
on transition metals. In the copper-based high-temperature super- 
conductors, as well as in LaOFeAs, an increase in T, is often 
observed as a result of carrier doping in the two-dimensional 
electronic structure through ion substitution in the surrounding 
insulating layers, suggesting that the application of external pres- 
sure should further increase T. by enhancing charge transfer 
between the insulating and conducting layers. The effects of pres 
sure on these iron oxypnictide superconductors may be more 
prominent than those in the copper-based systems, because the 
AAs ion has a greater electronic polarizability, owing to the cov: 
lency of the Fe-As chemical bond, and, thus, is more compressible 
than the divalent O?~ ion. Here we report that increasing the’ 
pressure causes a steep increase in the onset T. of F-doped 
LaOFeAs, to a maximum of ~43 K at ~4 GPa. With the exception 
ofthe copper-based high-T. superconductors, thisis the highest T. 
reported to date. The present result, together with the great free- 
dom available in selecting the constituents of isoceystalline mate- 
rials with the general formula LnOTMPn (Lny/¥ or rare-earth 
metal; TM, transition metal; Pn, group-V, ‘pnicogen’, element), 
indicates that the layered iron oxypnictides are promising asa new 
material platform for further exploration of high-temperature 
superconductivity. 

LaOFeAs, a member of the group of quaternary oxypnictides 
LnOTMPn, has a layered structure belonging to the tetragonal PS/ 
nm space group with lattice constants a= 0.403352(8) am and 
= 0,87393(2) nm. The crystal is composed of a stack of alternating 
120 and FeAs layers. It is thought that these two layers are, respec: 
tively, positively and negatively charged, and that the La-O chemical 
bond in the LaO layer is ionic whereas the Fe-As has a predominantly 
covalent nature. Thus, the chemical formula may be expressed as 
(La*'O*") "(FeAs)”. The conductive carriers, the concentration of 
Which can be increased by substitution of the O* ionbyaF~ ion,are 
confined two dimensionally in the (FeAs) layers (Fig. 1). In copper- 
based high-T, superconductors, an increase in T. has been realized by 
generation of carriers in a conductive CuO, layer through aliovalent 
ion doping in the block layer. Similarly, the T_ of LaOFeAs is mark- 
edly enhanced on doping of the LaO layer with F~ fons. We used two 
samples of La,._.F ,FeAs, one with x= 0.05 (‘under-doped’) and one 
with x= 0.11 (‘optimally doped’), in this study. 


Figure 2a shows the resistivity p of LaQosoFo.iFeAs as a function 
of the temperature T for pressure P<3GPa, determined using a 
piston-cylinder device. The onset JI. is determined from the inter- 
section of the twajextrapolated lines; one is drawn through the 
resistivity curve in themormabstate just above T,, and the other is 
drawn through the steepestpart of the resistivity curve in the super 
conducting state. This is shown in Fig. 2a for the 0-GPa data. The 
‘midpoint T- is determined at the temperature where the resistivity is 
50% of its value at the onset T.. These T,s and the zero-point To, 
determined at zero resistivity, are shown in the inset to Fig, 2a, The 
onset T, increases rapidly with pressure, whereas the zero-point T. 
increases more slowly, resulting in a broadening of the superconduct 
ing transition with increasing pressure. This is unlikely to be due to a 
distribution of pressure in the pressure cell, because the hydrostatic 
conditions Were kept unchanged during the measurements, and is 
more probably caused by sample inhomogeneity. The sample is a 
polycrystalline bar cut from a sintered pellet, so there could easily 
be strains on individual grains that would lead to such a broadening 
&S pressure is increased. 

The increase in T, with pressure is also confirmed in plots of 
‘M/Maox, (magnetization normalized to its value at 40K) versus 
temperature for P< 1.1 GPa (Fig. 2b): here the onset T. increases 
at the same rate as the onset T. in the p=T curve (Fig. 2a). However, 


Figure 1| Schematic crystal structure of LaOFeAs. Flectron cari 
generated by F-doping into oxygen sites ae injected into FeAs metallic layers 
‘sa result of the large energy offset between these two layers, We note that 
the carrier doping layer is spatially separated fram the conduction layer. 
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Figure 2 | Superconducting properties in La0y.a9Fo.FeAs under high 

pr , Temperature dependence of the electrical resistivity below 
GPa, using the piston-cylinder device. The onset T,and midpoint T values 
tare determined as described in the text. b, Temperature dependence of the 
‘normalized magnetization MM below 1.1 Gi ‘Cube 
piston-eylinder device. The magnetization data were obtained by measuring 
both the sample and the pressure cell In these measurements the 
‘magnetization of the pressure cell was not subtracted. The pressure 
dependence of T, is shown in the inset, in which the rate ofinercase of Tis 
similar to tha in the resistivity measurements. ¢, Temperature dependence 


the onset T, decreases sharply with further increaseiin préssure above 
3GPa, as measured using a diamond anvil cell, although zero resis. 
tance was not clearly observed in the high-pressure measurements 
(Fig. 2c). The failure to observe zet@ ‘esistancelis‘€aused by there 
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Figure 3 | Temperature dependence of the electrical resistivity of 
Lap ssFo.oaFeAs below 3 GPa, using the piston-cylinder device. The insct 
shows the pressure dependence of the onset and midpoint T.s. The onset T. 
increases with increasing pressure, with an initial slope of 2.0 K per GPs. 
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‘offthe electrical resistance above 3 GPa, using the diamond anvil cell The 

‘onset Ty is determined inthe same manner as ina (see the text), We find the 

maximum T, of 43 1 with a decrease to T, = 9K at 30 GPa, The 
clearly observed in each measurement, 

snce isnot observed in our measurements down to 4K, 

phase diagram of Lag ofa,iFeAs. T, is defined at the 


‘run using the diamond anvil cell with NaCl as the pressure- 
ig a guide for the eye, 


being a distribution in the non-hydrostatic compressive stress as a 
result of the use of a solid pressure-transmitting medium. Figure 2d 
summarizes the onset T. values in the P-T phase diagram of 
LaOq4oFoiFeAs. Note that T, increases steeply as the pressure 
increases from 1 to 2GPa, where d(ln T.)/dP is more than 20% pet 
GPa, and then decreases sharply with a further increase in pressure 
above ~4 GPa: the maximum T, of 43 K is observed at ~4.GPa. The 
initial increase is much steeper than that observed in high-T, super 
conductors, for which the d(ln 7,)/4P values are less than 10% per 
GPa. It is noteworthy that the small resistance loss caused by super- 
conductivity was observed at around 50K in 4-GPa data (Fig. 2c). 
Figure 3 shows the p-T curves for several pressures for the lightly 
doped compound LaOy9sFaosFeAs, which we consider to be an 
under-doped superconductor, judging from the existence of a resis- 
tivity minimum (at Tria ~ 60K) considerably greater than T-in the 
p-T curves. The value of Tinjg decreases continuously with increasing 
pressure and is zero above P= 1 GPa, whereas T- increases gradually 
with increasing pressure, at a rate of 1.0-2.0 K per GPa (or 3-7% per 
GPa) in the pressure range 0-3 GPa (Fig. 3 inset). We note that the 
pressure dependence of T_ in the under-doped sample is quite dif- 
ferent from that in the optimally doped compound LaOoasFo.1iFeAs. 
Various types of pressure effect on the T,s of copper-based high-T. 
superconductors have been reported’. X-ray and neutron diffraction, 
measurements in copper-based superconductors under high pres- 
sure have shown that the crystallographic direction normal to the 
‘CuO, layer is more compressible than the direction parallel to the 
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CuO, layer; this induces additional changes in the charge distri- 
bution, leading to a modulation of the electronic state in the CuO: 
layer. This is one of the reasons why the T.s of the copper-based 
superconductors are further affected by the application of high 
pressures. In particular, in the case of the spin-ladder compound 
Cayy_aSr.CurOur (ref, 11), the application of pressure induces a 
metal-insulator transition and supplies sufficient hole carriers to 
the ladder plane for superconductivity to occur. Doping with F~ 
ions, which enhances T. in LaOFeAs, causes simultaneous shrinkage 
ofboth the cand a axes. Unlike such ‘chemical pressure’, an external 
pressure may induce an anisotropic shrinkage because of the layered 
structure; this may be the main reason for the further increase in the 
onset TT, value up to ~43 K. This also suggests that superconductors 
witha high T, at ambient pressure could be realized among members 
of the LnOTMPn family by optimizing the chemical composition. 

‘The LnOTMPa family and copper-based superconductors have a 
common feature in that they both show a magnetic instability in 
which 3¢d-electron-based carriers with a two-dimensional nature 
have a critical role, However, there are many differences between 
these families of superconductors, such as greater covalency of 
the Fe~As chemical bond in comparison with the Cu-O bond, the 
stronger two-dimensionality in the iron oxypnictide than in the 
copper oxide, and there being an odd spin number for Cu®* but 
an even spin number for covalently bonded Fe or Ni. Because 
LaQCoAs is ferromagnetic with a Curie temperature of 65K 
(ref. 12), we suggest that the superconducting phase exists near 
1 magnetic instability, as in the case of SrsRuOg (refs 13, 14), 
hexagonal-close-packed iron”, UGes (ref, 16) and so on. These facts 
ply that the LnOTMPa family can be regarded as a third category 
of high-T, superconductor materials if phonon-mediated metal 
superconductors and copper-based superconductors are defined as 
the first and second categories, respectively. 

In summary, we find iron-based F-doped LaOFeAs to exhibit an 
onset T, of ~43 Kundera static pressure of 4 GPa, Other than copper 
oxide high-T, superconductors, this isthe first 40-K-class supereon- 
ductor to be identified. Until now, magnetic-element-based materi- 
als with a layered structure have been ruled out as a platform for the 
exploration of high-T, superconductor materials, but the findings 
reported here clearly open new avenues of investigation. There are 
many possible derivatives of the present material system, namely the 
transition-metal-based, layered oxypnictides, and we expect to make 
further explorations of these new high-T, superconductots by vary- 
i their chemical composition and studying their behaviour under 
pressure, 


METHODS SUMMARY 
We used dehydrated 1,0, and a mistiite powder of LaAs, Fe,As and FeAs as 
starting materials, and synthesized the target materials using the following solid 
state reactions in a sealed silica tube. 

‘To obtain the mixed powder of LaAs, Fe,As and FeAs, we mined metallic La, 
rmtallic Peand metallic Asin a ratio of 1:3:3 in an Ar gas, sealed it in a silica tube 
lunder pumping, and subsequently heated the mixture at 850°C for ten hours. 
Because the vapour pressuee of elementary As is high at temperatures >600 'C, 
the synthess of the Ax compounds as the precursor was required to avoid the 
‘explosion of the sealed glass sample during the main reactions, as follows. The 
12,0, that we used was obtained by heating commercially available La,0, pow- 
ders at 600°C for ten hours in air to remowe adworbed water. Then a I:1 mixture 
Of the LiAs-Fe:As-FeAs powder and the La,O, powder was compressed at 
10MPa into pellets either of 7-mm diameter and 5-mm thickness or of dimen- 
sions 7mm by 1D mm by 10mm. A pellet was placed ima silica tube, and sealed 
with 0.02-MPa Ar gas. The sealed silica tube was heated at 1,250 'C for 40 hours 
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to synthesize undoped LaOFeAs. The Ar gas was used to prevent collapse ofthe 
silica tube during this heating process. For F-doping, some of the La,0, was 
replaced with 2 1:1 mixture of LaF, and metalic Lain the starting materials for 
undoped LaOFeAs, 

Electrical resistivity measurements under high pressure were performed by 
‘means of standard direct-current four-probe method. Pressures of up to 3GPa 
were applied and clamped at room temperature using a piston (WC)-cylinder 
(NICrAD device". The dimensions of the samples, cut from a sintered pellet, 
were 25X15 LOmm! and 33%13%0Smm? for x=0.11 and 0.05, 
respectively. A liquid pressure-transmitting medium (Fluorinert liquids FC-70 
and FC-77 in a 1:1 ratio) was used to maintain hydrostatic conditions, A dia- 
‘mond anvil cell made of CuBe alloy was used for electrical resistance measure 
‘ments at pressures up to 30 Pa: in this case, the sample chamber (a rhenium 
gasket) was filed with powdered NaC! for the pressure-transmitting medium, 
and thin (10-jm-thick) platinum ribbons were inserted into thesample chamber 
to act as leads for the standard direct-current four-probe analysis. The dimen- 
sions ofthe rectangular sample were 1 * 0.1 X 0.03 mm’. A thin BN layer acted 
as an electric insulator between the leads and the rhenium gasket. Fine ruby 
powder scattered in the sample chamber was used to determine the pressure 
bby means of a standard ruby" Muorescence method. ‘The high-pressure 
‘magnetization measurements were performed using a superconducting 
quantum-interferencesdevice magnetometer (Quantum Design MPMS) used 
{in conjunction with a piston-cylinder device made of CuBe and a liquid 


pressure-transmitting medium FC-70:FC-77 = 1:1), 
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High-resolution carbon dioxide concentration record 
650,000-800,000 years before present 


Dieter Lathi', Martine Le Floch*, Bernhard Bereiter', Thomas Blunier'+, Jean-Marc Barnola*, Urs Siegenthaler', 
Dominique Raynaud’, Jean Jouzel’, Hubertus Fischer’, Kenji Kawamura't & Thomas F. Stocker’ 


Changes in past atmospheric carbon dioxide concentrations can 
be determined by measuring the composition of air trapped in ice 
cores from Antarctica. So far, the Antarctic Vostok and EPICA 
Dome C ice cores have provided a composite record of atmo- 
spheric carbon dioxide levels over the past 650,000 years’. Here 
‘we present results of the lowest 200m of the Dome C ice core, 
extending the record of atmospheric carbon dioxide concentration 
by two complete glacial cycles to 800,000 yr before present, From 
previously published data’ and the present work, we find th 
atmospheric carbon dioxide is strongly correlated with Antarctic 
temperature throughout eight glacial cycles but with significantly 
lower concentrations between 650,000 and 750,000 yr before pre- 
sent, Carbon dioxide levels are below 180 parts per million by 
volume (p.p.m.v,) for a period of 3,000 yr during Marine Isotope 
Stage 16, possibly reflecting more pronounced oceanic carbon 
storage. We report the lowest carbon dioxide concentration mea- 
sured in an ice core, which extends the pre-industrial range of 
carbon dioxide concentrations during the late Quaternary by 
about 10 p.p.m.v. to 172-300 p.p.m.v. 

‘Two deep ice cores have been drilled within the Européa Project 
for Ice Coring in Antarctica (EPICA). The drillings at both sitesyone 
located in the Dronning Maud Land (DML) area atKohnen Station, 
(75° 00’ 06" S; 00° 04" 04" E), the other at Concordia Station (Dome 
C;75" 06" 04” S; 123° 20° 52” E), have been stopped at ofa few metres 
above bedrock at a depth of 2,774m and,3,270m, respectively. 
EPICA produced climate records focusing, among others, on water 
isotopes, particulate and soluble acrosol-speciess well as greenhouse 
gases'*", For the latter, the analysis of the air entrapped in the ice is 
the only direct way to determine their concentrations for times before 
precise routine atmospheric meastitements were done, that is, before 
1958. 

Carbon dioxide measurements on Dome C ice, focusing on the 
interval 390 to 650 kyrbefore present, B® (2,700-3,060 m)*, con- 
firmed the strong coupling between COs and Antarctic temperature 
found' in the Vostok ice core for the past 420 kyr. They also showed a 
range in CO3 about 30% smaller (180 to 260 p.p-m.v.) than for the 
‘Vostok interval (180 to 300 p.p.m.y.) related to cooler interglacials in 
the earlier period’, 

Investigating the lowest 200m of the Dome C core (3,060~ 
3,270 m), we extend the existing CO: records by two complete glacial 
cycles. The data set of the depth interval 3,060-3,190 m, to which two 
laboratories have contributed with three different air extraction tech. 
niques and two independent measurement methods, is shown in 
Fig, 1. The resolution of the samples extracted by a needle cracker 


and analysed by laser absorption spectroscopy (LAS) at the 
University of Bern averages 0.551 resulting in a mean time resolu 
tion of 570yr. The 47 values measured at LGGE in Grenoble (ball 
crusher and gas chromatography) covering depth levels around 
3,062_m, between 3,085 and 3095m, and below 3,120m, average 
slightly higher than neighbouring samples analysed at Bern (see 
Supplementary Information). Despite this difference, which seems 
to be larger for Yow concentrations, the Grenoble measurements 
confirm the shape of the Bern record. Further confidence in the 
accuracy of the record is given by LAS measurements of air extracted 
by sublimating the ice at selected depth levels (Fig, 1). Also, 
remeasurements of depths between 3,030m and 3,060m (615~ 
(665 kyribr) agree with earlier data’ within the experimental uncer 
tainty (Fig. 2). 

Ata depth level of 3,178 m, a CO, value of 339 p.pam.v, (average of 
four samples) with a large scattering between 264 and 477 p.p.m.v, is 
found (black arrow, Fig. 1). This artefact can be explained by the fact 
that this ice is from an ice-core section drilled towards the end of the 
season 2002-2003, when an ethanol-water mixture had to be added 
at the bottom of the borehole to allow further drilling. This caused 
partial melting at the outside of the core and subsequent refreezing 
when hoisting the core through colder sections of the bore hole, This 
is the only artefact discovered in the ice above 3,190.56 m. 

The part below 3,190m is characterized by CO, concentrat 
mainly fluctuating between 180 and 210 p.p.m.v. in both the L¢ 
and the Bern data. Because of disturbed ice stratigraphy’, this part of 
the core does not reflect a climatic signal, We therefore limit further 
discussion of our new data set to the shallower part above 3,190.56 m, 
back to the glacial corresponding to Marine Isotope Stage 
(MIS) 20, 800 kyr 

The main features of the record are as follows. Starting at a glacial 
level of 188 p.p.m.v. in MIS 20, the CO3 concentration rises by about 
7p.p.mx. within 9kyr. This slope is similar to the five glacial 
interglacial transitions of the past 450kyr (see Supplementary 
Information for a detailed comparison), At the beginning of MIS 
19, CO, attains its local maximum of 261 p.p.m.v., which is similar 
to the highest levels during MIS 13 and 15 but substantially lower 
than during the four recent interglacials, Similar to MIS 5 and 9, CO 
drops by about 15 p.p.m.v. in MIS 19 to a slowly decreasing phase of 
about 10 kyr, before it declines in a sawtooth pattern to glacial levels. 
This slow decline in the 10 kyr after the initial peak is in contrast to 
the slowly increasing CO; levels in the Holocene and the even slower 
increase in MIS 11, despite the similar orbital configuration of these 
three periods. 
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Figure 1 | Dome CCO, data, Black solid circlesconnected bya greyline:data sublimation extraction technique. The black arrow indicates a CO, value of 


measured at Bern (mean of four to six samples); error bars represent to of 
the mean (s.d,), Red open circles: data measured at Grenoble 

(2a = 3 pspsm.v,), Blue solid circles: Dome C CO; data published by 
iegenthaler etal, Green solid diamonds: control measurements with the 


MIS 18 consists of two clearly separated phases. The earlier phase 
reaches its minimum of 177 p.p.m.v. just before a fast increase to the 
second, a phase of rather constant CO2 concentration between 205 
and 212p.p.m.v. lasting for 20kyr. A rapid reduction by about 
30p.p.m.v, within a few thousand years, similar to MIS 15.2 and 
154, and a similarly rapid increase by 40p.p.m.v. (termination 
VIII) mark the beginning of the next interglacial. During the 
40,000 yr of MIS 17, CO. ranges between 215 and 240 p.p.m.v., which 
is significantly lower than in other interglacials during the past 
800kyr. At the beginning of MIS 16, CO: remains below 
180 p.p.m.v. for 3kyr, most probably reflecting more prondunced: 
glacial carbon storage in the ocean. During this period, CO> falls to 
its lowest value ever found in ice cores, 172 p.p.m.v, (667 kyr Hr), 


3392 56 p.pam., (sd), an artefact detected at a depth of 3,178.12 m 
783,040 rar). All data are plotted on the EDC3_gas_a age scale™. Glacial 
terminations areindicated using Roman numerals in subscript (for example 
Tyui)s MIS denotes Marine Isotope Stage”. 


redefining the natural range of CO: of the late Quaternary to about 
170 to 300pip.m.v., before it rises at a rate of Sp.p.m.v. kyr” to 
190 pipam.v. at 665 kyr ur. 

Figure 2 shows our data together with earlier results from the 
Dome C (650-390kyr iw and 22-Okyrr), Vostok’ (440~ 
Okyriip) and Taylor Dome* (60-20 kyr ur) ice cores resulting in a 
composite CO, record over eight glacial cycles. During these 
800 kyr, CO, is strongly coupled with the Antarctic temperature 


(F = 0.82). 

It was suggested earlier' that there is a strong stationary relation- 
ship between Antarctic temperature and CO}, But our data reveal a 
significant deviation from this behaviour: The atmospheric concen- 


tration of CO, during MIS 17 remains significantly below the levels 
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Figure 2 | Compilation of CO, records and EPICA Dome C temperature 
anomaly over the past 800 kyr. The Dome C temperature anomaly record 
With respect to the mean temperature of the last millennium" (based on. 

‘original deuterium data interpolated to a 500-yr resolution), plotted on the 
EDCS timescale” is given asa black step curve. Data for CO; are from Dome 
(solid circles in purple’, blue’, black: this work, measured at Bern; red open 


circles: this work, measured at Grenoble), Taylor Dome® (brown) and 
Vostok’ (green). All CO; values are on the EDC3_gas_a age scale". 
Horizontal lines are the mean values of temperature and CO, forthe time 
periods 799-650, 650-450, 450-270 and 270-30 kyr. Glacial terminations 
br indicated using Roman numerals in subscript (for example T,); Marine 
Isotope Stages (MIS) are given in italic Arabic numerals”. 
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during MIS 13, 15 and 19; this is expected neither from the temper- 
ature variations which always reach comparable levels during these 
interglacials nor from carbon cycle models". Except for MIS 14, the 
temperature anomalies (relative to the mean temperature of the last 
millennium) of the coldest levels of all glacial periods range from 
around ~9 to —9.5°C with CO, concentrations generally in the 
range 180-190 p.p.mw.. Exceptions are MIS 16 and MIS 18 where 
we find significantly lower concentrations of 172-180 p.p.m.v.. To 
illustrate this difference in the CO,/temperature relationship before 
and after MIS 16, we calculate mean values for four different time 
intervals (799-650, 650-450, 450-270 and 270-30 kyr se). All inter~ 
vals start and end in the middle of a glacial including two interglacials 
(see Supplementary Information for details). Whereas averaged tem- 
perature anomalies of these four intervals (~3.5, ~3.1, ~4.9 and 
5.5 °C, respectively) only slightly differ from one another, the mean 
value of CO, between 799 and 650 kyr (212 p.p.m.v.) is 4-9% lower 
than for the ensuing periods (227, 234 and 222 p,p.m.v.; see further 
illustrations in the Supplementary Information). 

‘This shift is unexpected and takes place where the new measure- 
ment interval for this study begins. However, it seems to be a robust, 
feature and not a measurement artefact, as we find no alteration in 
‘our CO record due to (1) enlarged amounts of impurities”, (2) 
increasing temperature with depth (~7.2°C at 3060m to ~4,2°C 
at 3,200 m, pressure melting point: ~2.3°C) or (3) changes in 
the ice structure, Also, we observe no peculiarities in the preliminary 
0,/N2 and air content data (D. Raynaud and G, Dreyfus, personal 
communication) during this period. Furthermore, there is an overall 
good agreement between the data from Siegenthaler et al, the 
Grenoble and the Bern measurements (this work) using different 
extraction techniques. Taken together, we conclude that our record 
reflects the true atmospheric CO; concentration, 

Instead of COs concentrations being about 15 p.p.m.v. lower, the 
CO; /temperature shift can also be explained by isotopic composition 
overestimating temperature by about 1 °C. However, both the éleva- 
tion!” and moisture origin corrections on the estimated temperature 
change do not indicate a systematic overestimation of temperature 
between MIS 16 and 18. 

‘This implies that there could be a long-term COs increase by about 
25 p.p.m.v. from 800 to 400kyr Be. Together with the long-term 
decrease of 15 p.p.m.v. during the past four glacial €ycles, we stiggest 
significant slow fluctuations in the atmospheric CO2 concentration 
con timescales of several 10° years, probably influenced by changes in 
the weathering'* or by major reorganizations in the carbon reservoi 
of the global ocean", Older ice is required to test hypotheses about 
any consistent long-term COs treiid and a pfobable connection with 
the 500-kyr variations of the Quaternary carbon cycle found in 
marine records’ 
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Figure 3 | AIM events during MIS 18. Variations of Dome C CO: (black 
solid circles; mean of four to six samples; error bars are Io of the mean 
(sa.)), methane” (green) and temperature anomaly based on the mean 
temperature ofthe past millennium® (black step curve) between 778 and 752 
kyr, Gases are plotted on the EDC3_gas_a age scale™, temperature on the 
DCS timescale". The letters A to C denote the three events. 


7 776 


LETTERS 


Besides long-term changes, the response of the carbon cycle to 
millennial climate change is of special interest. Indermihle et al.* 
found four well-defined oscillations with a peak-to-peak amplitude 
of about 15 p.p.m.v. during the last glacial in the Taylor Dome ice 
core. These variations are concomitant to the larger of the Antarctic 
Isotope Maximum (AIM) events (Antarctic warming events with an 
amplitude of 1-3 °C)", AIM events are counterparts of the short 
and more pronounced warming events in the Northern Hemisphere 
known as Dansgaard-eschger events", and hence are a manifesta~ 
tion of the bipolar seesaw" with oceanic and terrestrial processes 
likely contributing to the reconstructed CO, variations". 

‘The oldest trace of millennial-scale variations in our record is 
detected between 778 and 752 kyrs? (Fig. 2). Antarctic temperature’, 
‘CO, and the atmospheric concentration of methane™, whose varia- 
tions are primarily affected by changes in Northern Hemisphere 
temperature and precipitation’, show three well-defined relative 
maxima (Fig. 3). A comparison of these data with the corresponding 
Variations during MIS 3 reveals that all three quantities vary in the 
same range during both periods (see Supplementary Table 3). 
Furthermore, theirates of increase of CH, for these three events in 
MIS 18 are similar to'those inthe EDC ice core during the large AIM 
events of MIS 3. Finally, the gradual rise of CO. for events A and B 
precedes the rapid rise of CH, by a few millennia, which is another 
typical feature of large AIM events in MIS 3’. Although the phasing 
for event Gis less clear because of the relatively small CO. increase, 
‘our findings provide strong support for an active bipolar seesaw 
during MIS 18, 


METHODS SUMMARY 
The analytical methods for routine CO, measurements used at the University of 
‘Bern and at LGGE in Grenoble are based on dry extraction techniques followed 
bby laser absorption spectroscopy and gas chromatography, respectively. In Bern, 
four to x samples (23 = 23 16mm;8 g) from each depth level (every 50 mm) 
Inthe ce core are measured in random order (two an the same day; the following 
‘so afterall depth intervals have been measured twice). The samples are crushed 
by a cooled needle cracker under vacuum conditions. The sample euntainer ix 
‘connected to acold trap for several minutes to release the air from the clathrates 
‘Afterwards, the ait is expanded to 4 measuring cell, where a laser ix tuned six 
imes over the absorption line of a vibration-rotation transition of the COs 
molecule. The calibration is dane using 4 COs in air standard gas 
(251.65 p.p.ms.) scaled on the World Meteorological Organization mole frac- 
tion scale 

In Grenoble, on every depth level one to three samples of about 40. of ice are 
‘rushed under vacuum conditions. About 20min later, the extracted gas is 
expanded in the sample loop of the gas chromatograph and analysed. 
Depending on the amount of the extracted ait, theee to five successive analyses 
are done. To avoid the possible influence of the water vapour injected with the 
{228 the CO, ratio is calculated as the ratio between the CO, 
(0, + N,) peak. The calibration is done using an Air Liquide: 
three CSIRO standards (260.3 pp.m.v. 321.1 p.p.m.v, and 172,8p.p.m..). 
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Orbital and millennial-scale features of atmospheric 
CH, over the past 800,000 years 


Laetitia Loulergue’, Adrian Schilt*, Renato Spahni*t, Valérie Masson-Delmotte’, Thomas Blunier’t, 


Bénédicte Lemieux’, Jean-Marc Barnola’, Domi 


Atmospheric methane is an important greenhouse gas and a sensi- 
tive indicator of climate change and millennial-scale temperature 
variability’, Its concentrations over the past 650,000 years have 
varied between ~350 and ~800 parts per 10” by volume 
(p.p.b.v.) during glacial and interglacial periods, respective 
comparison, present-day methane levels of ~1,770 p.p.b.v. have 
been reported’. Insights into the external forcing factors and 
internal feedbacks controlling atmospheric methane are essential 
for predicting the methane budget in a warmer world’. Here we 
present a detailed atmospheric methane record from the EPICA 
Dome € ice core that extends the history of this greenhouse gas 
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to 800,000 yr before presents The average time resolution of the 
new data is ~380 yr and permits the identification of orbital and 
millennial-scale features, Spectral analyses indicate that the long- 
term variability in atmospheric methane levels is dominated by 
~ 100,000 yr glacial-interglacial cycles up to ~400,000 yr ago with 
an increasing contribution of the precessional component during 
the four more recent climatic cycles. We suggest that changes in 
the strength of tropical methane sources and sinks (wetlands, 
atmospheric oxidation), possibly influenced by changes in mon- 
soon systems and the position of the intertropical convergence 
zone, controlled the atmospheric methane budget, with an 


Figure 1 | Methane records and EPICA/Dome ¢ 
80. Bottom to top: 8D record”; EDC methane 
record (previously published data, black 
diamonds; new data from LGGE, red diamonds 
new data from Bern, blue dots); Vostok methane 
record’. Marine Isotope Stage numbering given 
atthe bottom of each interglacial. Insert 
‘expanded view ofthe bottom section of EDC: 8D 
values (black line), CH, (blackline) from EDC. 
and stack benthic 5"O values (blue line)" forthe 
period from MIS 16 9 20.2, on their respective 
age scales. 50 = ("01 O)sanpid 

(90/0) sandal 1, where standard is yPDB; 
8D = (D/H) gel (D/H) ganar ~1 where 
standard is SMOW. 
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additional source input during major terminations as the retreat 
of the northern ice sheet allowed higher methane emissions from 
extending periglacial wetlands. Millennial-scale changes in meth- 
ane levels identified in our record as being associated with 
Antarctic isotope maxima event 

millennial-scale temperature variability during the past 
cial cycles. 

‘Atmospheric methane is an important climate forcing as well asa 
sensitive indicator of climate change and variability. Over the past 
650 kyr, the ice-core record indicates that its abundance has varied 
from ~350 p.p.b.v, during glacial periods up to ~800 p.p.b.v. during 
interglacials’, In 2005, its global average was 1,774 * 1.8 p.p.b.v (ref. 
3), far exceeding the natural range of the past 650 kyr. Understanding 
the link between external forcings and internal feedbacks on the 
natural CH, budget isimportant for forecasting the latter in a warmer 
world, In addition, CH, is tightly linked to Northern Hemisphere 
millennial variability during the last glacial period". Therefore, CH, 
variations can be used as a proxy for abrupt change further back in 
time’, 

Here, we present the most detailed and longest CH, record yet 
derived from a single ice core: EPICA Dome C (EDC, 75° 06'S, 
123°20'E, 3,233m above sea level), reaching back to Marine 
Isotope Stage (MIS) 20.2 about 802 kyr before present (8#) and cover: 
ing eight climatic cycles (Fig. 1). We have doubled the EDC CH, time 
resolution (Supplementary Fig. 2) between O and 215 kyr at (MIS I to 
MIS 7, mean resolution: 210 yr) using a melt-refreezing method. 
EDC samples were measured between 230 and 420 kyr av (MIS 7 to 
11, mean resolution: 390 yr), whereas the record presented in Spahni 
et al? relied on the existing Vostok record’. The deepest portion of 
the EDC core between 3,060.66 m and 3,190.53 m was analysed, pro- 
Viding the first CH, data for the time period from 666 to 799 kyr 8» 
(MIS 16 to 20.2, mean resolution: 550 yr; see insert to Fig. 1). The 
EDC3 ice and gas timescales EDC3 (ref. 5) and EDC3_gas_a (ref. 6) 
are used hereafter, providing good agreement with the composite 
chronologies" from EPICA Dronning Maud Land and Greenland 
(Supplementary Fig. 1) over the last glacial cycle. 

With a total of 2,245 individual measurements, the EDG CH 
record is now complete from the surface down to 3259.32m. 
Because of stratigraphic disturbance in the deepest 60m, (ref. 9), 
we limit the discussion to the upper 3,190.53 m, whieh provide an 
average time resolution of 380 yr aver the past 799 kyr. Within ana- 
Iytical uncertainties, our EDC data agree very wellwith the tecords of 
Vostok’ over the past 420 kyr (Fig. 1) and with the millennial vari 
ability recorded in Greenland composite records’* for the last glacial 
period (Supplementary Fig. 1). The homogeneity, accuracy and reso: 
lution of our EDC record make ita ew reference for the atmospheric 
CH, temporal evolution on long timescales. 

‘The extended record reveals severalnew aspects of methane vari 
ability. First, the oldest interglacial MIS 19 shows a CH, maximum of 
~740 p.pib.v., much higher than during interglacials MIS 13 to 17. 
‘The EDC SD record indicates cooler and longer interglacials before 
430 kyr, corresponding to the Mid-Brunhes Event transition”. This is 
reinforced by CO, (ref. 10) and CH, records until MIS 17. But the 
high CH, levels during MIS 19 break down this general trend. 
Amongst the past nine interglacials, MIS 9 and 19 appear decoupled 
(with unusually high methane levels) from the overall good correla~ 
tion (1? = 0.82) observed between the maximum CH, value and the 
maximum Antarctic warmth’ (Supplementary Fig. 3). Second, rapid 
and large fluctuations are identified. The glacial inception from MIS 
19 to MIS 18 is accompanied by three distinct CH, peaks, having 
counterparts in the SD (ref. 9) and CO; (ref. 10) records. A large CH 
oscillation (amplitude 170 p.p.b.v.) is identified at the end of MIS 18, 
comparable in shape with the Younger Dryas event, but with 
longer duration (8 kyr between the surrounding maxima; Fig. 1). 
Its comparison with concomitant CO> levels and marine records 
suggests that it does not reflect a bipolar seesaw sequence of events. A 
shorter and smaller oscillation (3 kyr between bracketing maxima, 
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amplitude ~100 p.p.b.v.) is also observed during the early part of 
interglacial MIS 17. 

Wetlands are by far the largest natural source of methane today. 
‘The largest wetland extents are found in boreal regions, with a second 
latitudinal belt between the tropics". Their CH, emissions today are 
shared about one-third boreal and two-thirds tropics. The contro- 
versial alternative suggestion of direct plant CH, emissions" hasbeen 
recently scaled down substantially'*. Mean preindustrial CH , sources 
are estimated to be between 200 and 250 Tg yr !, 85% of which comes 
from wetlands’, Temperature changes and water-table variations are 
the dominant controls of wetland emissions on seasonal and inter- 
annual timescales". The main sink of methane, oxidation by tr 
pospheric OH radicals, directly feeds back on any CH, source 
change’. This is amplified by changes in emissions of volatile organic 
compounds, which may be related to the reduced extent of forests 
during glacial conditions". To first order, CH, changes during the 
past 800 kyr should thus reflect varying extent of or emissions from 
wetlands in different latitudinal belts, and OH feedbacks associated 
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Figure 2 | Spectral analysis of the methane record. a, Amplitude of orbital 
periodicities in the methane record for the time ranges 0-400 kyr and. 
400-800 kyr, using the mult-taper method (MTM) with normalized data, 
‘The 19-kyr component is absent at 400-800 kyr because of its statistical non- 
significance (F-test <0.95, see Supplementary Information). b, Orbital 
‘components and residuals (expressed in p.p.b.v.on the centred signal) of the 
CH, record over the past 800 kyr. The red line combines the three 
periodicities. Note that the amplitude of the orbital components and 
residuals is similar (~200 p.p.bay.). The residual CH, signal contains other 
statistically significant periodicities at 4.8 and 8.7 kyr and another 
periodicity at 10-11 kyr slightly below the confidence limit, not discussed 
here. 


(©2008 Nature Publishing Group 


NATURE|Vol 453)15 May 2008 


with vegetation changes, Other lesser sources could also have con- 
tributed either to long-term trends or to shortevents, such as biomass 
burning’ and clathrate degassing". 
‘The EDC CH, spectral analyses (Fig. 2) shed light on the response 
of methane sources and sinks to orbital forcing, They highlight the 
| periodicities of 100, 41, 23 and 19kyr already found in the 
shorter Vostok record'. The 100-kyr component dominates the gla- 
cial-interglacial variability as in the SD (ref. 9) and global ice volume 
signals (ICE in Supplementary Fig. 4; deduced for simplification 
from the stacked oxygen isotopic composition of benthic foramini- 
fera)'*, But its contribution to the CH, variance clearly decreases after 
the Mid-Brunhes Event, opposed to the trend for 8D (ref. 9). This 
goes together with an increasing contribution of the precessional 
component towards the present (Fig. 2), reaching the same mag- 
nitude as the obliquity component. At high northern latitudes, 
changes in ice-sheet volume should be the main driver on peat depo- 
sition rate, thawing and refreezing ofthe soil active layer and extent of 
seasonal snow cover, all affecting CH, emissions”, A comparison 
between the EDC CHs signal and global ice volume signal” 
does indeed indicate a strong coherency at 100 kyr. The two signals 
are in phase within current dating uncertainties® (Supplementary 
Fig. 4). 
Orbital forcing modulates the latitudinal and land-sea temper- 
ature gradients in the Tropics and therefore is a major forcing of 


CH, concentration (p.0.b¥) 


50 
‘Age (1,000 years before 1950) 


LETTERS 


the tropical monsoon systems” and of the position of the intertro- 
pical convergence zone™ which both drive the precipitation rate in 
the intertropical belt and will influence the areal variability of the 
large tropical wetlands found in southeast Asia, Africa and South 
America’, Feedbacks from OH associated with varying emissions 
of volatile organic compounds should closely follow a similar tem- 
poral pattern to the regional monsoon evolutions. The tropical cli- 
mate is dominated mostly by precessional variability”, as evidenced 
forinstance by the loess magnetic susceptibility records (loess SUS"). 
Although the entire tropical region affects the methane budget, we 
compare the CH, signal only with the Asian summer monsoon 
reconstruction from SUS loess, which is currently the only available 
record of tropical climate variability that covers a time period com- 
parable to our record. The CH, and the SUS loess are in phase within 
dating uncertainties (Supplementary Fig. 4) and show an increasing 
variance in the precessional band starting around 420 kyrnp, thus 
suggesting a dominant contribution of monsoon-related processes 
in the CH, variability at precessional periodicities. A picture thus 
‘emerges in which atmospheric CH, background levels have been 
modulated by tropical wetlands and/or volatile organic compound 
emissions from tropical forests during the late Quaternary, with 
‘overshoots every 100 kyFassociated with varying extents of northern 
ice sheets and periglacial wetlands. This is in agreement with a 
tecent isotopically constrained CH, budget between the last glacial 


Figure 3 | Methane millennial 
variability. a, 0-400 kyr; 

', 400-800 kyr, In each panel, from 
bottom to top, we show the 
methane signal (grey shaded curve) 
with 74 identified millennial 
‘changes (red stars, mean time 
between occurrences 6.2 kyr), based 
‘ona threshold amplitude of 

~50 p.p-b.v. and a correspondence 
(occurrence and peak-to-peak 
synchroneity) with an Antarctic 
isotope maximum’, Glacial periods 
(pink shaded area) are defined by 
EPICA/Dome C temperature being 
at least 4 C below late Holocene 
values’ Time periods of occurrence 
‘of millennial variability (blue 


shaded area) are defined by @ 
threshold value of 3.5% in the 
North Atlantic 6'*O benthic 
record, The benthic tack’ is used 
to compare with the fall CH, record 
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maximum and the early Holocene”, suggesting a dominating con- 
tribution of tropical wetlands in the pre-industrial budget, a switch- 
on of boreal wetlands when the ice sheets decay and an amplification 
by the OH sink. Rigorous testing of this picture will require future 
‘model simulations of the Earth system that couple climate and the 
carbon cycle in transient mode over several glacial-interglacial cycles. 

‘On even shorter timescales, high-resolution methane records can 
be used as a proxy of Northern Hemisphere millennial temperature 
fluctuations back in time’, although the relationship between CH, 
and Greenland temperature is not linear during the last glacial period 
and the atmospheric CH, signal is slightly damped by gas trapping 
processes". Our new EDC methane record represents a unique con- 
tinuum of this millennial variability back through the past eight 
glacial periods with 99% of the record providing a time resolution 
better than 1,000 yr for the sequence MIS 1-11 (84.5% for MIS 11-20, 
when additional millennial changes may still be revealed with an 
improved time resolution). We find 74 millennial CH, changes 
(Fig, 3a and b), defined as an amplitude larger than 50 p.p.b.v. and 
an association (with peak-to-peak synchroneity) with Antarctic iso- 
tope maxima’*, Marine records suggest that the millennial variabi 
shows up whenever the ice-sheet volume, expressed through the 
oxygen isotopic composition of benthic foraminifera, is above a 
threshold of 3.5%» (ref, 27). Antarctic temperature change provides 
another proxy of glacial conditions, with the threshold considered to 
be at least 4 °C below late Holocene temperature’, Such thresholds, 
however, fal to capture millennial CH, events now identified during 
the early phase of glacial periods following the warmest interglacials 
(late MIS 5 and 7; early phase of MIS 8, 10 and 18). The hypothesis of 
constant lower thresholds is too permissive as it requires CH, vari- 
ability during the lukewarm interglacials (MIS13 and 17), which is 
not supported by our data. The combination of CH, millennial vari- 
ability and Antarctic isotope maxima therefore provides a better 
indicator of bipolar millennial variability, casting doubt on a 
straightforward link between ice volume or Antarctic cooling and: 
climate instabilities, 


METHODS SUMMARY 
“The analytical methods of CH, measurements in the two laboratafles fern 
tnd LGGE have been already described ia detail and compared ‘The air from 
polar ice-core samples of about 40g (Ween) and 50g (LGGE) igextracted with a 
rmelt-refreezing method under vacuum, and the extracted gaits then andlysed 
for CH, by gas chromatography. Two standard gases (408pp bw. 

1,050 ppbv. CH,) were used at Bern and one (499 ppb GH,) 20.G6 
calibrate the gas chromatographs. The mean CH, analytical uncert 
10p.p.b. (ref. 2). Concentrations are not corrected for ravi 

the fin column as this effect corresponds onlWfabout Wiof the measured 
levels, EPICA/Dome © CH, and 8D datagre on EDC3 age scales. The Vostok 
data were synchronized on the EDG gas age scale by using the program 
Analyseries™. Orbital components and the. residual in the CH, record 
obtained by gaussian filters with the Analyseriesprogfam™. The precession band 
is calculated first (f= 0.05 * 0.01) on the CH, signal interpolated every 1 kyr, 
then the obliquity band om the fist residual (f= 0.025 + 0,005) and then the 
~100-kyr band on the second residual (= 0.01 + 0.002), 
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Chemical compass model of avian magnetoreception 
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Approximately 50 species, including birds, mammals, reptiles, 
amphibians, fish, crustaceans and insects, are known to use the 
Earth's magnetic field for orientation and navigation’, Birds in 
particular have been intensively studied, but the biophysical 
‘mechanisms that underlie the avian magnetic compass are still 
poorly understood. One proposal, based on magnetically sensitive 
free radical reactions’, is gaining support*"' despite the fact th 
‘no chemical reaction in vitro has been shown to respond to mag- 
netic fields as weak as the Earth’s (~50 pT) oF to be sensitive to the 
direction of such a field. Here we use spectroscopic observation of 
4 carotenoid-porphyrin-fullerene model system to demonstrate 
that the lifetime of a photochemically formed radical pair is chan- 
ged by application of =50 wT magnetic fields, and to measure the 
anisotropic chemical response that is essential for its operation as 
a chemical compass sensor. These experiments establish the fe: 
sibility of chemical magnetoreception and give insight into the 
structural and dynamic design features required for optimal detec- 
tion of the direction of the Earth’s magnetic field. 

‘Two principal mechanisms for animal magnetoreception have 
been put forward (reviewed in ref, 1), based on specialized deposits 
of magnetic iron minerals and magnetically sensitive photochemical 
reactions, respectively. The latter, the radical pair mechanism, is Well 
established as the source of a variety of magnetic effects om free tadical 
reactions in vitro”, It has been suggested that the avian compass 
mechanism relies on magneto-sensitive radical pairs formed by 
photoinduced intramolecular electron transfer reactions in an array 
of aligned photoreceptors located in the retina®!=A promising can- 
didate radical pair comprises the reduced flavin cofactor and an 
oxidized tryptophan residue in a cryptochrome flavoprotein” 
Such a photochemical process could, in principleyaccount for two 
fundamental behavioural characteristics of the avian compass: its 
dependence on the wavelength of the ambient light'* and the fact 
that birds respond to the inclination rather than the polarity, of the 
geomagnetic field". This proposal has been corroborated, in part, by 
the detection of cryptochromes in the retinae of migratory birds™*, 
and the finding that these proteins are expressed when the birds 
perform magnetic orientation’, and by the observation of light- 
dependent, cryptochrome-mediated magnetic field effects on plant 
growth". Theoretical work has also confirmed the principle and 
clarified some of the details’. Further compelling evidence for 
the involvement of radical pairs has come from the observation that 
‘weak radiofrequency magnetic fields, which can have profound 
effects on radical pair reactions in vitro, can disrupt the ability of 
birds to orient in the Earth's magnetic field”. 

Despite numerous studies", it has never been demonstrated that a 
static magnetic field as weak as that of the Earth can produce detect- 
able changes in chemical reaction rates or product yields. Nor has a 
radical pair reaction been shown to respond to the direction of such a 
field, an essential requirement for a compass sensor. For this, it is 


, Paul A. Liddell’, 


essential that at least one of the radicals is immobilized so that its 
anisotropic magnetic interactions are preserved’ 

Here we demonstrate, as a proof-of-principle, that a photochemical 
reaction can act asa magnetic compass. The molecule selected for this 
purpose is a triad composed of linked carotenoid (C), porphyrin (P) 
and fullerene (F) groups (Fig, 1)". Green-light irradiation efficiently 
produces the spin-correlated electronic singlet state of the radical pair 
(or biradical) *{€"'—P-P™) by sequential intramolecular electron 
transfers (Fig. 1). *[C"*-P-F"~] undergoes reverse electron transfer, 
either directly tothe grolind state, with rate constant ks or to the excited 
triplet state 'C-P-F, with rate constant kr, having first converted to 
the triplet radical pair, "|C"'-P-F"~ }, This last process is controlled by 
the magnetic interactions of the two unpaired electrons and is the 
magnetic-field-sensitive step. As has been observed for related 
triads!®*, an applied field alters the observed lifetime of [C""-P-F" ] 
‘by modifying the singlet~triplet character ofits spin states, so changing 
therelative contributions of ky and ky to the overall kinetic 

We began by characterizing the effects of applied magnetic fields 
‘on the disappearance kinetics of the radical pair in isotropic solution. 
‘The transient absorption signal of C "| at 133K 
(Fig. 2a, top), which has a lifetime of ~190ns in zero field, was 
markedly increased to ~380ns in an 8-mT field. The amplitude of 
the magnetic field effect decreased as the temperature increases and. 
the difference signals were biphasic below ~200 K (Fig, 2a, bottom). 
Both of these properties are characteristic of a singlet-born radical 
pair with kr-< ks, undergoing spin-lattice relaxation at a rate com 
parable to its recombinatiot 

‘The magnetic field dependence of the [C"*-P-F"~] transient 
absorption at 119K (Fig. 2b) shows the biphasic magnetic field re 
ponse expected for a long-lived radical pair. The change in sign 
below ~I mT is the ‘low field effect’: normally observed for the 
product yields of radical reactions in solution'™", it was manifested 
here as a change in the radical pair kinetics. The effect of the applied 
field on the radical pair absorption was opposite at 100 and 400 ns, as 
expected from the biphasic time dependence in Fig. 2a (bottom), 

Finally, experiments performed in magnetic fields comparable to 
that of the Earth (Fig. 2c) revealed changes in radical pair absorption 
of up to ~1.5%. The biphasic time dependence observed at higher 
fields (Fig. 2a) was inverted here because of the low field effect 
(Fig. 2b). Thus, for 1>400ns, [C"*—P-F*"] recombined more 
rapidly in a ~30-T field than it did in zero field, which was in turn 
faster than when the field exceeded 1 mT. This seems to be the first 
observation of a chemical effect of a magnetic field as weak as 
~30 uT. The electron Zeeman interaction in such a magnetic field 
is more than a million times smaller than the thermal energy, kT, 
implying a negligible effect on the position of a chemical equilibrium 
‘or the kinetics of an activated reaction. However, such considerations 
are irrelevant for the interconversion of singlet and triplet states of 
radical pairs, process that isactivationless and far from equilibrium. 
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To function asa chemical compass, a radical pair magnetoreceptor 
must respond anisotropically to an external magnetic field. We 
demonstrated this property for [C"'-P-F"-] using an aligned 
sample, obtained by freezing C-P-F in the nematic phase of a liquid 
crystal in the presence ofa strong (800 mT) magnetic field. Transient 
absorption signals, A(0), were recorded in a 3.1-mT magnetic field, 
the orientation of which (defined by the angle 0 ; Fig. 3a) was varied 
with respect to the alignment axis. The measured [C"*-P-F" | 
absorption (Fig. 3b) shows a clear dependence on 0 which, similar 
to the avian magnetic compass, is invariant to inversion of the field 
direction; that is, A(0)= A(0-+m). 

To obtain additional insight, the anisotropy was also measured by 
4 transient absorption photoselection method (Fig. 3a) using unpo- 
larized laser pump pulses, polarized probe light and a frozen solu 
of randomly orientated molecules. Calculations (see Supplement 
Information) show that the transition dipole moment of the 
absorption at 980:nm is almost parallel to the long axis of C-P-F, 
so that molecules aligned with the polarization axis are preferentially 
detected. The 0-dependence of the [C""-P-F" | absorption, (0), 
where 0 is now the angle between the polarization axis and the mag- 
netic-field vector, is essentially identical to that observed in the 
aligned sample (Fig 3b, €). 

‘A consideration of the orientational averaging involved in these 
two experiments (see Supplementary Information) suggests that in 
both cases, the observed signal should be a weighted sum of even 
powers of sind, but that in the photoselection measurement all terms 
beyond sin’ vanish; that is: 


ACO) J aay sin?" 0; A'(O) ox 0+ a sin? O 
Within experimental error, both A(@) and A’(0) have a sin’ depen- 
dence, consistent with a, 0 for all n> 1 and a simple orientation 
dependence of the underlying magnetic field effect (see Supple 
mentary Information). 

‘Our demonstration that a radical pair can act asa chemical com 
pass yields valuable information on the design of a sensitive in wivo 
magnetoreceptor. Although not ideal as a compass, | 
does have several favourable properties—it is rapidly and efficiently 
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formed by absorption of light and is long enough lived to allow a 
~SOnT magnetic field to have a detectable effect on its spin 
dynamics. Furthermore, the radical centres are sufficiently separated 
(which minimizes interference from radical-radical exchange and 
dipolar interactions“), whereas their fixed relative orientations and 
restricted molecular motion in frozen solution result in minimal 
static and dynamic averaging of the crucial anisotropic magnetic 
interactions. A further attractive feature of [C”*-P-F"~] is its highly 
unsymmetrical distribution of magnetic nuclei (Fig. 1), a feature 
associated with optimum isotropic and anisotropic magnetic field 
effects”. However, both its recombination and spin relaxation, 
jointly responsible for the biphasic time dependence (Fig. 2a, ¢), 
are fast enough (even at 113K) to attenuate the ~50-y'T signal 
(Fig. 2c). Responses closer to the theoretical maximum of 20-40% 
(ref. 22), expected for spin correlation lifetimes =1 ys would have 
allowed the anisotropy measurements (Fig. 3) to be performed at 
much lower fields than ~3mT. An additional factor responsible 
for a reduction in the magnetosensitivity of [C'-P-F" | is the 
extent of delocalization of the unpaired electron in C"* and the 
associated cancellation of theanisotropic effects of the many, differ- 
ently aligned, magnetic hyperfine tensors’. 

In principle, greater sensitivity to weak magnetic fields would be 
possible for radical pairs formed in a specialized photoreceptor such 
as cryptochrome®". Byanalogy with photosynthetic charge separa- 
tion’, efficient sequential electron transfer along a chain of trypto- 
phan residues to the flavin cofactor in cryptochrome could produce a 
well-separated (=2.m) radical pair with weak inter-radical interac 
tions’* within 10 ns (allowing negligible loss of spin correlation), with 
slow back electron transfer (=1 xs)". A suitably aligned and immo- 
bilized artay of such photoreceptors could, at physiological tempera 
tutes, have the dynamical properties required for slow spin relaxation 
(218), condition that is only approached by [C""-P-F"] at the 
lowest temperatures studied here, For example, flavin-tyrosine 
radical pairs that retain their spin correlation for up to 20 1s have 
been detected in photolyase (a lavoprotein closely related to crypto- 
chrome) at 278 K (ref 26). In addition, the radicals formed in a 
photoactive protein may have just a few dominant hyperfine inter- 
actions with tensor properties that lead to reinforcement, rather than 


Figure 1 C-P-F triad. Structure (top) and reaction scheme (bottom) of the 
C-P-F triad used to demonstrate the principle of a chemical compass. The 
interconversion of the singlet (S) and triplet (T) states of the radical pair 

IC"'—P-F* is driven by magnetic hyperfine interactions and is modulated 
by the Zeeman interaction with an external magnetic ld. [C” Jean 
recombine spin-selectively, with rate constants k, and ky. As the hyperfine 


interactions are anisotropic, and ky * ky, the lifetime of the radieal pair 
reaction depends on its orientation with respect to the external magnetic 
ficld. The inset at top left isa representation of the anisotropic hyperfine 
interactions in C""; 22 of the 46 protons in this radical have isotropic 
hyperfine couplings larger than 100 T. F*, by contrast, i almost devoid of 
hyperfine couplings. hv light excitation. 
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Figure 2 | Isotropic magnetic field effects on C-P-F. Transicat absorption 
data recorded for frozen solutions of C-P-F showing the magnetic feld- 
dependence of the recombination of the radical pair state, [C"*-P-F* |. 
Apart from the upper part ofa, all data are field-on minus feld-off 
differences: A(Bg) ~ A(0). a, Top: absorption with and without an 8-mT 
applied field at 133 K. Bottom: difference signals as a function of 
temperature. All signals rise with the instrumental time constant (~$0 ns). 
', Changes in the transient absorption of [C"*-P-F* | at 119K averaged 
over a 50-ns period centred at 100ns and 400.ns after its formation. 

«, Changes in the transient absorption of [C"*-P-F™ | at 113 K caused by 
39-)T and 49-pT applied magnetic fields. Error bars, *1 sd. 
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cancellation, of the anisotropic effects, as seems to be the case for 
two of the nitrogen atoms in the radical form of the flavin adenine 
dinucleotide cofactor, FADH"(ref. 8). The favourable asymmetric 
distribution of hyperfine interactions in [C"*-P-F"] might also 
bbe found in a cryptochrome. For example, reoxidation of the photo- 
chemically reduced flavin cofactor in flavoproteins is mediated by 
molecular oxygen”. Both O, and its reduced form, superoxide 0} 
are paramagnetic, have no hyperfine interactions, and if paired with 
FADH” might allow the reoxidation kinetics to be magnetic field 
dependent, although it is not clear whether 03” in particular, would 
meet the requirement of slow spin relaxation. 

These possibilities could be tested in vitro in a variety of ways 
Spectroscopic measurements of the kind described here could be 
performed on isolated cryptochromes subject to applied magnetic 
fields. Radiofrequency magnetic fields could also be used as a diag- 
nostic test for the formation of transient radical pairs and might allow 
their identification”. The involvement of O: could be established by 
spin-trapping of 0 or by’"/O magnetic 


100 (Ath-A(O\YAO) 


6 (degree) 


Figure 3 | Operation of C-P-F as a chemical compass. a, Schematic of the 
‘experimental arrangement used to measure the anisotropy of the magnetic 
field effect on the disappearance kinetics of [C"'-P-F"~ |. The direction of 
the applied magnetic field generated by two orthogonal pairs of Helmholtz 
cols i varied in 15° steps in the x-y (horizontal) plane. The pump laser 
pulses and continuous probe light propagate along the x and y'axes, 
respectively. The central blue arrow on the x axis represents the direction of 
the alignment axis in the experiments on C-P-F dissolved in a frozen 
nematic liquid crystal, and the probe light polarization axis in the 
photoselection measurements is the angle between the magnetic field 
‘vector and the x axis. b, Polar plot ofthe anisotropy of the magnetic field 
effect, (A(0) ~ A(Q))/A(0) (as a function of 0, in degrees), on the transient 
absorption of (C""-P-F" ] detected using an aligned sample (purple, 

3.1 mT, 193K) and by photoselection (red, 3.4mT, 88K). The maximum 
‘magnetic field effects in the two cases were ~1.59% and ~5%, respectively, 
“The data for the aligned sample have been doubled for clarity. The 
anisotropy is smaller in the liquid crystal measurement than in the 
photoselection experiment mainly because ofthe faster spin relaxation at the 
higher temperature of the former. €, Data from the photoselection 
measurements, The red dots show the dependence of the [C"*-P-F"~] 
absorption on the direction of the magnetic field, 0. The solid line isthe best 
fit toa sin @ form. Also shown (blue) are the signals detected when the 
polarization axis ofthe probe light was = (that is, vertical). No dependence 
is expected or seen. Error bars, *1 sd. 
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METHODS SUMMARY 
“The C-P-F triad was synthesized according to previously described proce- 
dures", teotropic magnetic field effects were measured using 100 uM feazea 
solutions of C-P-F in 2-methy-tetrhydrofuran, C-P-F was excited 

532m with 7-5, 5m), 10-H repetition rate pulses fom a frequency-doubled 
Na:YAG laser and the radial pair was deteced by means ofthe C™" absorption 
band at 950m using light from a xenon ar lamp. Anisotropic magnetic Bld 
effects were measured on an aligned sample and on a frozen isotropic sample 
Using photoscection. For the aligned sample, the conditions were C-P-F 
(100 uM) aligned in E7 liquid crystal (Merck), withthe alignment axis parallel 
to the xaxis (Fig. 3). The magnetic fed strength vas 3.1 mT. The C™” absorp 
tion was monitored at 900am with unpolaized light (xenon arc lamp) and 
averaged over the period 400 > 200m. Measurements were performed at 193 
K. Forth frozen isotropic sample, the Nd:YAG pump pulses (direction) were 
‘depolarized, The probe light (y direction) was supplied by a diode laser 
(£= 980 nm, 100 mW), and was polarized inthe x ar = dizection (see Fig. 3a) 
"The magnetic field strength was 3.4 mT. Measurements were performed at 88K. 
For the liquid crystal and photoselection experiments, the magnetic field was 
generated by means of two set of orthogonal Helmholte cols aligned with the x 
and y directions (Fig, 32). They had the same number of turns but diferent 
diameters (125mm and 85 mm, respectively) and carried differen currents. 


Full Methods and any associated references are avalable inthe online version of 
the paper at wivw.nature.com/nature, 
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METHODS: 
Isotropic magnetic field effects. Transient absorption signals of Cis 
2-methyl-tetrahydrofuran (MTHE) were detected with an Oriel 77250 Series 
1/8 m monochromator, a grating optimized for maximum reflectivity 
1,000nm and a Hamamatsu photomultiplier RS108. The magnetic field was 
produced bya pair of Helmholtz coils (radius 125 mm). Alternate measurements 
with and without the applied magnetic field were performed in synchrony with 
the laser, The temperature of the simple, held ina cryostat, was controlled with 
flowing nitrogen gas. The cryostat and field coils were enclosed in a mu-metal 
‘box to shield the sample from the Earth's magnetic field. The field inside the box 
‘was0-+ 10 nT (measured with high-sensitivity one- and three-dimensional Hall 
transducers). 

Anisotropic magnetic field effects. C-P-F (100 uM) was dissolved in E7 liquid 
crystal (Merck) and aligned in a 800-mT magnetic field by cycling the temper- 
ature three times between 20°C and 60°C (between the nematic and isotropic 
phases, respectively). The aligned sample was allowed to cool in the magnetic 
field and was then transferred into the cryostat and cooled further to 193 K.The 
solution was sufficiently viscous thatthe cooling and subsequent transfer could 
be done without loss of aligament. 

For the photoselection experiments, a Halbo Optics WDQUSM depolarizer 
was used to depolarize the Nd:YAG pump pulses. A Thorlabs L980P100 diode 
laser supplied the probe light, which was polarized using a Glan Thompson 
polarizer. 

‘Transient absorption data were measured for each of 24 equally spaced values 
of ( (Fig, 3a) in random order and sorted according to 0 in the computer 
_memory. This process was repeated 300 times for the photoselection experi- 
‘ments oF 1,500 times forthe liquid crystal sample with a different sampling order 
cach time, and the resulting signals averaged for each 0. ln all other respects, the 
‘experiments were performed essentially as described for the MTHF solutions, 

‘To confirm the anisotropic behaviour of the magnetic field effec, the exper 
‘ment was repeated with a 26-m'T field in the xz plane, and the probe light still 
directed along the y axis. When the polatization axis of the probe light was 
rotated by + 45" in the x-z plane, the absorption was phase-shifted by + 45 
(Supplementary Fig. 1). 

Magnetic fields, Calibration measurements on the two sets of orthogonal 
Helmholtz coils used for the liquid crystal and photoselection experiments 
revealed that a 46% larger current was required in the x coils to achieve the same 
magnete field strength as the y coll, The currents through the two coils were: 


10g) VAG by c08 0, 
1,(0,)= losin Oy 
where (ye mi, 8 = 15° and m= 0,1, .- 23. 
The magnetic iekls produced by the two sets of coils were mleasuréi with a3D 
Hall probe and gre shawn asthe dashed lines in Supplementary Fig. 2. The black 


dashed line isy/1(0,)-+ (04). The slight variation in this quatity with 0, 
reduced by modifying the currents using a table of captecton factors gu: 


y= 1.46 yc080 e/a 
1y~ losin tae 


‘The values of gy were in the rafige 0.996-1.027. The resulting current 
(Supplementary Fig. 2, solid black line) showed a reduced variation with 0. 
‘The averaged magnetic field for the photaselectign experiments was 3.4mT, 
with a standard deviation of 0.02 mT. 
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Evolution of metal hyperaccumulation required 
cis-regulatory changes and triplication of HMA4 


Marc Hanikenne'+*, Ina N. Talke'+*, Michael J. Haydon't, Christa Lanz’, Andrea Nolte't, Patrick Motte", 


Juergen Kroymann’, Detlef Weigel” & Ute Kramer'+ 


Little is known about the types of mutations underlying the evolu- 
tion of species-specific traits, The metal hyperaccumulator 
Arabidopsis halleri has the rare ability to colonize heavy-metal- 
polluted soils, and, as an extremophile sister species of Arabidopsis 
thaliana, it is a powerful model for research on adaptation’. 
A, halleri naturally accumulates and tolerates leaf concentrations 
as high as 2.2% zine and 0.28% cadmium in dry biomass‘. On 
the basis of transcriptomics studies, metal hyperaccumulation 
in A, halleri has been associated with more than 30 candidate 
genes that are expressed at higher levels in A, halleri than 
in A, thaliana’, Some of these genes have been genetically 
mapped to broad chromosomal segments of between 4 and 24 
eM co-segregating with Zn and Cd hypertolerance’*. However, 
the in planta loss-of-function approaches required to demonstrate 
the contribution of a given candidate gene to metal hyperaccu- 
mulation or hypertolerance have not been pursued to date, Using 
RNA interference to downregulate HMA (HEAVY METAL 
ATPASE 4) expression, we show here that Zn hyperaccumulation 
and full hypertolerance to Cd and Zn in A. halleri depend on the 
metal pump HMAA. Contrary to a postulated global trans regul 
tory factor governing high expression of numerous metal hyper- 
accumulation genes, we demonstrate that enhanced expression of 
HMA4 in A. halleri is attributable to a combination of modified 
cis-regulatory sequences and copy number expansion, in comp: 
rison to A. thaliana, Transfer of an A. halleri HMA4 gene to 
A. thaliana recapitulates Zn partitioning into xylem vessels and 
the constitutive transcriptional upregulation of Zn deficiency 
response genes characteristic of Zn hyperaccumulators. Our 
results demonstrate the importance of cis-fegulatory mutations 
and gene copy number expansion in the evolution of a complex 
naturally selected extreme trait". The elucidation of a natural 
strategy for metal hyperaccumulation enables the rational design 
of technologies for the clean-up of metal-contaminated soils and 
for bio-fortification. 

HMA4 (ref. 4) is among a large number of genes more highly 
expressed in A. halleri than in A. thaliana’ and encodes a plasma 
membrane protein of the 1 family of transition metal pumps in the 
P-type ATPase superfamily", To investigate whether A. halleri 
HMA4 (AhHMA4) functions in metal hyperaccumulation or hyper 
tolerance of A. halleri, we reduced the expression of ARHMAG by 
RNA interference (RNAi) (Supplementary Fig. 1). For this, we 
developed a genetic transformation system, which has not so far been 
available for hyperaccumulator species. HMA4 transcript levels were 
decreased to between 45% and 10% of wild-type levels in different 


RNAi lines (Fig. 12, Supplementary Fig. 2), which appeared morpho 
logically normal. After cultivation of HMA4 RNAi lines in hydro. 
ponic solutions, their shoots contained only 12-35% of the Zn 
concentrations found in wild-type A. halleri (Fig, 1b, Supple: 
mentary Fig. 3). These levels were similar to shoot Zn concentrations 
in A. thaliana asa representative non-accumulator". In roots of wild 
type A. halleriymetalleoncentrations are low, reflecting high root-to- 
shoot metal fluxest?"**. By comparison, roots of HMA4 RNAi lines 
accumulated 49- to 134-fold higher Zn concentrations, again similar 
to thenon-aecumslator A. thaliana (Fig. Ic). Partitioning and accu 
mulation Of metals other than Zn and Cd (Supplementary Fig, 4) 
were not consistently changed in HMA4 RNAi lines, Together these 
‘results demonstrate that high HMA4 transcript levels are required for 
highly efficient root-to-shoot Zn flux and for Zn hyperaccumulation 
in the shoots of A. halleri. This is distinct from the function of A, 
thaliana HMA4 (AtHMA4) in root-to-shoot translocation of Zn for 
the maintenance of Zn-dependent processes in the shoot!™'* 

We next examined how HMA4 alters the distribution of Zn within 
the roots of A. halleri, by imaging with the fluorescent Zn indicator 
Zinpyt-1". In the wild type, fluorescence was most intense in the 
xylem vessels located inwards from the pericycle cell layer of the root 
vasculature (Fig. 1d, Supplementary Fig. 5). By contrast, in the HMA4 
RNAi lines signal intensity was maximal in the pericycle cell layer, 
‘qualitatively similar to the change in Zn localization reported for 
the A. thaliana hmad mutant compared to the wild type’. This indi 
cates that silencing of AhHMA4impairs the release of Zn from the root 
symplasm into the apoplastic xylem vessels, which provide the prim- 
ary pathway for the movement of solutes from the root to the shoot 
with the transpiration stream", These results are in agreement with 
the decreased Zn partitioning into the shoots in HMA4 RNAi ines. 

If increased HMA4 activity is a primary event in heavy metal 
hyperaccumulation, we would expect that this affects other candidate 
‘genes for hyperaccumulation known to be highly expressed in A. 
halleri*. We therefore analysed RNA from plants cultivated in a 
5 uM Zn solution by real-time RT-PCR. Expression of Zn deficiency 
response genes** was specifically decreased in roots of the HMA4 
RNAi lines. For example, relative transcript levels of IRT3 (Fig. 1e) 
and Z1P4 (Fig. 1f) were correlated with HMA4 transcript levels across 
all genotypes (r = 0.99 and 0.98, respectively). The membrane trans- 
porters encoded by IRT3 and Z1P4 are both members of the same 
family of proteins implicated in the cellular uptake of Zn (ref. 18), 
Thus, the high expression of these genes in roots of wild-type A 
halleri* appears to be a secondary consequence of increased HMA4 
activity, and is likely to further enhance shoot metal accumulation, 
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Heterologous expression of AhHMA4 in cells of the budding yeast 
Saccharomyces cerevisiae was reported to confer metal tolerance’ 
and metal hypersensitivity*. Recently, three respective major QTL 
(quantitative trait loci) for Zn and Cd hypertolerance were mapped 
in progeny from a cross between A. halleri and its metal-sensitive 
non-accumulator relative Arabidopsis lyrata’*. Notably, major QTL 
for both Zn and Cd hypertolerance contained HMA4, but comprised 
several centimorgans and thus at least several hundred genes. To 
examine whether HMA4 functions not only in metal hyperaccumu 
lation of A. halleri, but also in hypertolerance, we determined the 
effects of toxic metal concentrations on root growth of plants in 
hydroponic solutions". In the presence of 304M Cd or 1.3mM 
Zn, root elongation in wild-type A. halleri plants was still about 68% 
and 60% of the elongation under control conditions, respectively. In 
contrast, roots of HMAd RNAi lines exhibited only 3-15% and 12. 
37% of the elongation under control conditions, respectively (Fig. 1g, 
h), These data demonstrate that HMA4 makes a substantial conte 
bution to Cd and Zn hypertolerance in A. halleri 

Our results indicate that HMA4 has a key role in several aspects 
of the complex metal hyperaccumulator phenotype. We the: 
addressed the molecular basis for elevated HMAd expression in A. 
halleri compared to the non-accumulator A. Earlier, 
Southern blot screening provided circumstantial evidence that there 
may be more than a single HMAd gene copy in the genome of A. 
halleri, Howevei 


efore 


thaliana. 


information on the number of gene copies, their 
navail: 
BAC 


respective sequences, expression and functionality has been 


able. To examine this, two overlapping A. halleri genom 
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(bacterial artificial chromosome) clones were sequenced. Compared 
to the syntenic segment in A. thaliana, there is a complex triplication 
of a region that includes HMA4 (corresponding to At2g19110 in A. 
thaliana) and the two downstream genes (At2g19120 and At2g19130) 
(Fig. 2a). In addition to partial deletions and inversions of At2g19120 
and At2g19130 orthologues, several transposon and retrotransposon 
insertions are evident. The flanking sequences are largely syntenic with 
A. thaliana, Within coding sequences, the three AhHMA4 gene copies 
are on average 99% identical to each other, but share only 88% 
sequence identity with AtHMA4, suggesting that the triplication 
in the A. halleri lineage 
(Supplementary Table 1). After reverse transcription we specifically 
quantified either the HMA4-1 complementary DNA alone or both the 
almost identical HMA4-2 and HMA4-3 cDNAs by real-time PCR 
(Supplementary Fig. 6). 
expression levels of all three HMA4 gene copies (Fig, 2b), Thus, both 

n increase in copy number and elevated expression of individual gene 
copies contribute to the high transcript levels of HMA4 in A. halleriin 
comparison with A. thaliana. 

Sequence divergence from/A. thaliana is most pronounced in the 

flanking regions of AMA genes (Supplementary Table 1)", 
sting possible regulatory innovations in A. halleri, To determine 
experimentally whether the increased expression of individual 
HMA4 gene copies is'due to cis-regulatory changes, we generated 
fusions of thé promoters of ArHMA4 and of the three AhHMA4 gene 
copies to the fi-glucuranidase (GUS) reporter for the transformation 
of both. A, julleriand A. thaliana. Reporter activity directed by the 


may have occurred relatively recently 


The results are consistent with similar 
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Figure 1| Characterization of A. helleri HMA4 RNAi lines. a, AhFIMAS 
transcript levels relative to EFI2 in roots of A. haller wild type (WT) and 
358)-GUS transformant controls, and four HMA4 RNAi lines. b, ¢, Zinc 
concentrationsin shoots (b) and roots (¢) of A. halleri (Ah) genotypes and A. 
thaliana Col (At) WT, cultivated in a hydroponic solution containing 5 uM 
Zn for 3 weeks (DW, dry weight). d, Zn localization in A. halleri roots. 
Confocal images show fluorescent Zn signals (green) and cell walls (red). 


392 


Scale bars, 50 jim; pe, pericycle; arrowheads highlight fluorescent Zn signals 
in xylem vessel, e, f, Relative transcript levels (RTL) of IRT3 (e) and ZIPS 
(f) plotted against relative HMAG transcript levels, all normalized to EFI, in 
different genotypes. g, Cadmium tolerance, and h, zinc tolerance of A halleri 
genotypes. Values are mean * smn = 4 to 6 and 12 to 18 individuals for 
RNAi lines and wild type, respectively (by €, gh), "= 3 104 (a), n= 6108 
(ef). *P<0.05, **P-<0.01, ***P-< 0.001. 
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Figure 2 | Genomic organization and expression of HMA4 genes in A. 
halter 2, Diagram showingtwo overlapping A. halleri genomic BACs. Genes 
are represented by boxes and named by A. thaliana Genome Identifier codes 
(blue text, regions syntenic with A. thaliana; green, triplicated genes) 
Triangles indicate the direction of transcription (filed, intact genes; open, 


ALHMA4 promoter (AtHMAA4p) was much lower than that directed 
by any of the three AhHMA¢ promoters (AhHMA4-1p, AhHMA4-2p, 
AhHMAd4-3y), which were as effective as the strong constitutive 


A.hallors 
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ar Rosent ban stan regen ofA thatana rvomounmne 2 
2° Cass LTR retvotransposon elements (Gypsy- and Copt-he) 
2° Class non LTR rertvansposon reverse ransenptase 
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truncated or pseudogenes); Three fragments of one At2g19120 orthologue 
are denoted (a), (b)and (c);LTR, long terminal repeat. b, Relative transcript 


levels of HMA gene copies in A;halleri roots, and of AtIMA4 in A, thaliana 
roots for comparison (mean > s.e.m., = 6). 
cauliflower mOsile viflls (CaMV) 35S promoter, 35S» (Fig, 34d). 


Spatial patterns of reporter activity for all three AHHMA4p constructs 
were highly\similar in both A. halleri and A. thaliana (Fig. 3c, g; 


A thaliana 


Specie reporter activty 


Figure 3 | Levels and cell specificity of HMA4 promoter activity in A. halleri 
and A. thaliana. a, ¢,, A. hulleri (left): b, dg, hy A. thaliana (right), 

2, b, Histochemical detection of GUS activity (blue), directed by the A. 
thaliana or A. halleri HMA4 promoters, in leaves of 5-week-old plants 
.d, Specific GUS activity in protein extracts (mean * s.em. n= 4 t07 
independent lines; MU, 4-methylumbelliferone). Values for the CaMV 35S 
promoterare shown for comparison. e-, Reporter activity in whole mounts 


(e.g) and transverse sections (f, h) of root tips from AhHMA4-2)-GUS 
transformants representative of all ARHMA4 promoters (Supplementary 
Figs 7,8 and 10). Tissues were stained for 18h (a, b) or 0.5h (e to h). The 
inset (f) shows a close-up of the vascular cylinder. Scale hars: a, b, 5 mm; 
e.g, 100 um; f, 25 jm; and by 15 jim. pe, pericyele; xp, xylem parenchyma, 
Root anatomy differs slightly between A. thaliana and A. halleri 
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Supplementary Figs 7-10). Qualitatively, activity patterns were also 
similar for promoters originating from both species (Supplementary 
Figs 7, 8)". The HMA4 expression pattern was confirmed by in situ 
hybridization in wild-type A. halleri (Supplementary Figs 9, 10). This 
revealed specific messenger RNA accumulation in the root pericycle 
and xylem parenchyma (Fig. 3f, h, Supplementary Fig. 10), support 
ing a function for HMA4 in xylem loading of Zn (see Fig. 14). 
Expression in the xylem parenchyma and the cambium of leaves 
(Supplementary Fig. 9) is consistent with a possible role of HMA4 
in metal distribution within the leaf blade and the exclusion of metals 
from specific cell types. Together, our data confirm that high HMA4 
transcript levels in A. halleri are the result of gene copy number 
triplication combined with the enhanced expression of all three 
A. halleri HMA4 genes specified in cis, 

Finally, we determined whether increased HMA4 activity is ai 


only necessary but also sufficient for altered heavy metal accumula: 
tion and tolerance, To this end, we transformed A. thaliana with an 
AhHMA4 mini-gene, consisting of an ARHMA4 cDNA linked to the 
AhHMA4-1 promoter. Primary transformants contained moderately 
elevated HMA4 transcript levels (2.44 * 0.08 and 2.85 * 0.89 fold in 


roots and shoots, respectively, compared to wild type, mean 
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Figure 4 | Characterization of A. thaliana expressing ARHMAS. 3, Za 
localization in roots of 10-day-old seedlings. Confocal images show 
Auorescent Zn signals (green) and cell walls (red) Seale bars, 25 jm; pe, 
pericycle; arrowheads highlight fluorescent Zn signals in xylem vessels 

b, Relative transcript levels of Z1P4 and IRT3 in roots of hydroponically 
cultivated 5.5-week-old plants (mean = se.m., n = 6).€, Zn and Cd toxicity 
in shoots of 17-day-old AhHMA4 transfarmants seven days after transfer to 
control medium (3 uM Zn, no Cd) or medium supplemented with 150 uM 
Zn or 40 uM Ca 
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n= 6; Supplementary Fig. 9m-o), at the lower end of the range 
expected hased on previous comparisons between A. halleri and A. 
thaliana’. Zinpyr-1 imaging showed high levels of Za in xylem tissues 
of roots of transgenic plants (Fig. 4a), mimicking the distribution of 
Zn in wild-type A. halleri (see Fig. 1d). By contrast, in non-transgenic 
A, thaliana Zn levels were highest in the root pericycle cell layer 
(Fig, 4a), resembling the localization in A. halleri HMA4 RNAi lines 
(see Fig. 1d). Thus, transformation of A, thaliana with AKHMAG is 
sufficient to recapitulate Zn distribution typical of A, halleri in the 
roots of the non-hyperaccumulator A, thaliana, Roots of AhHMA¢- 
transformed A. thaliana also contained increased transcript levels of 
the Za deficiency response genes Z1P4 and IRT3 (Fig. 4b), in analogy 
with wild-type A. halleri (see Fig 1e, ). These results further support 
the model that in roots of A. halleri, the high HMAd-dependent Zn 
flux into the xylem depletes symplastic Zn pools, thereby triggering 
the upregulation of Zn deficiency response genes in the roots" 

A. thaliana AnHMAG transformants grown in media supplemen 
ted with toxic concentrations of 150 iM Zn or 40 1M Cd developed 
enhanced leaf chlorosis and smaller rosettes, which are signs of Zn 
and Cd hypersensitivity of the shoots (Fig. 4c, Supplementary Fig, 
11), When cultivated in. 5 jiMyZn, AMHMA4 transformants were 
healthy and accungilated slightly higher Zn concentrations than 
non-transgenic plants (1.16 0.07 fold, mean + s.e.m., n= 4 inde 
pendent experimentsyP-<0.05; data not shown). These results sug 
gest a moresefficient transfer of metals from roots to leaves in 
AhHMA4 transformants compared to non-transgenic A. thaliana 
The metal sensitivity of shoots of A. thaliana expressing AHMA4 
indicates that additional genes are required for metal detoxification 
in order to accommodate the high HMA¢-dependent metal flux into 
the shoots of A, haller’ 

In summaty, using a series of functional criteria, we have demon. 
stratedia major role for AhHMAG in naturally selected Zn hyperac 
cumulation and associated Cd and Zn hypertolerance in A. halleri. 
High HMA¢ expression in A. haller is specified in cis and amplified 
by gene copy number expansion. Increased expression of HMAd in A. 
hualleri supports the enhanced Zan flux from the root symplasm into 
the xylem vessels necessary for shoot Zn hyperaccumulation, and acts 


asa physiological master switch to upregulate Zn deficiency response 
findings are 
tral importance for the development of phytoremediation and 
ion strategies, Taken tog: 
dence for previously proposed roles of cis regulatory diversification: 


ene expression in roots (Supplementary Fig, 1). The 


her, our results provide evi 


and copy number expansion’*"* in eukaryotic adaptation”. 
METHODS SUMMARY 
Plant material. A. baler (L.) O'Kane and Al-Shehbas ssp, aller! (accession 


Langelsheim) of A. thalians L. Heyabold (accession Columbia) were used in 
all experiments 


18 the hydroponic solution (HD plates 


ants were cultivated hydroponically™ or on a solid medium 
Method: 
Plant 
into GATEWAY-compatible binary vectors (Methods; Supplementary Methods 


in plastic Petri dishes"* 


insformations. 


‘onsteucts were generated by cloning of PCR products 


A. thaliana was te 


for primer sequences) formed by floral dip. Agrobac- 
teriure tumefaciens mediated stable transformation of A, halleri was performed 
sing a tissue-culture based procedure 

DNA and RNA gelblot analyses were pet 


(Supplementary Methods). Genomic 
armed far the primary characterization 
of A. halleri HMA4 RNAi transformants (Supplementary Methods) 

Physiological characterization of plants. For the determination af zinc accu: 
smulation and transcript levels plants were cultivated hydroponically at 5M 
ZaSO, is a controlled growth chamber for Sweeks (Supplementary Methods). 


The Zn indicator Zinpy-1 (Sigma) was used for confocal fluorescence imaging 
ana plants" 

‘metal tolerance, sequential root clongation assays and growth assays were pi 

formed in metal-supplemented hydroponic solutions and on HD plates, respec 

rely (Methods), 

BAC analysis and sequencing. Two A. halleri BACs (7€17, 17L07) covering the 
. .ous ta the HAMAS region of the A. thaliana genome and contain. 

ing 2 total of three genomic HMAS copies of A. haller, were isolated and com. 

pletely sequenced (Methods), Gene and transposable element annotations were 


of Za in roots of A. halleri and A. ¢ For the determination of 
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‘made on the basis of similarity searches performed using the BLASTN and 
BLAST programs against the TAIR database (http://www arabidopsisorg) 
and the non-redundant database (nr, htp:/wew.nebi.m.nih gov/BLAST/)_ 
Expression analyses. Relative transcript levels were determined by real-time 
RT-PCR". Histochemical GUS staining, fluorimetric quantitative GUS activity 
assays and in situ hybridizations were carried out according to standard proce- 
dures (Supplementary Methods) 


Full Methods and any associated references are available inthe online version of 
the paper at wiww:nature.com/nature. 
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METHODS 
Plant cultivation, Plants were cultivated in a climate-controlled glasshouse at 
21°C day/l7C night, constant humidity of 0%, with supplementary lighting 
from equal amounts of HPIT and Son-T Agro lamps (Philips) providing 2 
photoperiod of 6h, orin agrowth chamber at 20°C day/8"C night, humid 
‘of 60% day/75% night, and a photoperiod of 11h at a photon flux density 
M43 umolm 5” 

Generation of constructs. All HMA¢ sequences were PCR-amplified using a 
proofreading polymerase (Pfu Turbo, Stratagene), and verified by sequencing 
Ace directional cloning into pENTR/D TOPO (Iavitrogen) and again afer site- 
directed recombination into the respective GATEW AY-compatile binary vec~ 
tor before plant transformation, unless indicated otherwise 

‘To generate the HMAd RNAi construct for transformation of A. aller, a 
fragment corresponding to bp 2.541-2,97 of the open reading frame of 
ANHMA4 was amplified from A. halleri CDNA and subeloned into the binary 
vector pIAWOHLS (GenBank accesion AFAO8413), generating an intron 
spliced hairpin construct with antisense ARHMAS fragment ~ intron ~ sense 
AhHMA¢ fragment configuration downstream of the CaMV 35S promoter 

‘To generate promoter-reporter constructs fr the transformation of A. thal 
ana and A. halleri, an AMAA promoter fragment of 2,625bp was amplified 
from genomic DNA of A thaliana. The ARHMA4-1, ARHMA-2and AMHMA4-3 
Promoter fragments of 2326, 1,311 and 1,082bp, respectively, were amplified 
from A, haileri genomic DNA. All promoter fragments, which include promoter 
and 5'-UTR regions and end aftr the first 30 bp of the respective HMA coding 
sequence, were subcloned into the PMDC163 binary vector" 

‘The AMHMAdy-HMA¢ construct for transformation ofA. thaliana was gene- 
rated by inserting both the ARHMA4-1 promoter fragment and the full-length 
AhHMA4 coding sequence into a promoter-tes variant of the pMDC32 vector 
(Supplementary Methods). 

Physiological characterization of plants. A. haller plants were maintained in 
hydroponic culture" ina climate-controlled glasshouse. A. haleri HMA RNA: 
lines and wild type control individuals were propagated vegetatively via rooting 
of shoot cuttingson sand for $ weeks and subsequently cultivated in hydroponics 
for 4-5 weeks before initiating experimental treatments. Results for wild type 
controls were averaged from the following A. halleri individuals: (1) unt 
formed, (2) regenerated from tisue culture folowing mock transformation and 
(3) transformed with a cauliflower mosaic virus (CaMV) 358 promoter-GUS~ 
Intron construct. A, dhuliana plants were grown from sceds in hydroponic 
culture for 6 weeks before experimental treatments were initiated 

Metal tolerance of A. halle genotypes was determined ina climate-contralled 
slisshouse by measuring root elongation in a slightly modified hydropoate 
‘control solution (5 4M Zn, no added Ca, 0.14 mM KHLPO, to avoid precipita 
tion at high metal concentrations), and subsequently in the presen sequen 
tially incteased metal concentrations in 5-day intervals (Zn; 800 pM, IS moM; 
Cal: 10 ML, 30 uM)" Two experiments were performed for each,metal 

Formetal tolerance assaysin A. thaliana AKHMA4 tanaformantsit! genera- 
tion), 10-day-old hygromycin-resitant seedlings went transferred omto HD 
plates containing 5M 2980, (control), 150uM ZaSOw oF 40 uM CSO, 
(and 5jzM Zn$0,) and maintained in a cimate-contolled growth chamber. 
Photographs of representative individuals/were take. one week after transfer. 
The experiment was repeated thee times with three plites per genotype and 10 
replicate seedlings per plate i each expetimeat 

For Zn imaging, segments of newly forded dist roots were used of A. 
halleri plants grovn in a hydroponic medium e@ssining 1 pM Za50,, For A. 
thaliana, seedlings (T3 generation) were grown fo 10days on HD plates in a 
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«limate-controled growth chamber and incubated in hydroponic solution with 
25 uM ZnSO, for 25h before staining. Fluorescence of the Zn-Zinpyr-1 chelate 
was observed using confocal laser scanning microscopy (Leica SP2) with 488.nm 
cacitaion using FITC and Texas Red Gters. For A. thaliana, two transgenic 
ABHMAS lines showing increased HMA4 transcript levels were analysed. For 
‘A. haller, AMHMAS WNAI lines 4.2.1, 54.2 and 6.5.1 were analysed (4.2.1 is 
shown in Fig. 1d). Images shown are representative of the results from at least 
6 wild type plants and 6 transgenic plants, 
Real-time RT-PCR analysis. Preparation of total DNase-treated RNA, synthesis 
of DNA, primer design and sequences, quality control and data analysis were as 
described", Valucsshoven in Fig. 1a are averages from three to four independent 
biological experiments, values shown in Figs le,f,2h and 4bare averages from six 
to cight technical replicates fom onc experiment representative of «totatof three 
independent biological experiments. 

BAC analysis and sequencing. A BAC Ubrary was constructed in the 
pladigoBAC-536 vector using Hindilt-ligesed total genomic DNA of 8 indivi- 
dluasfeom A. halle ssp. aller, accessions Roderbacherbrunn and Stutenkamim 
(Germany) (Keygene), and screened with an HMA4 probe" as described” A total 
(0f 18 postive BAG clones were obtained. A combination of Souther blots and 
restriction pattern analyses, togethereith BAC end sequencing, demonstrated 
that two BACs (7C17, 17107) coveted all of «total of three genomic HMAd 
copies of A, halleri, and the region orthologous to the HMA4 region of the A. 
‘thaliana genome, 

For complete sequengi9g) BAC 7C17 and 171.07 subclone libraries were pre- 
pared with an averageinsert sizef'5-104b, anda total of 1,152 postive clones 
foreach BAC were end-tequenced to 13-fold coverage as described”. Sequence 
reads were base-called usingtheLifeTrace software" and assembled into contigs 
with the PHRAP and GONSED software packages (hitp://www.phrap.org)”. 
Remaining gapa and ambiguously assembled regions wee closed and polished 
by primer walkingand PCR with oligonucleotides designed based on the flank- 
Jing sequence 

‘Comparative Benomic sequence analyses were done with the GenomeVISTA 
soffare Whttp//genomesbl govivista/indexshiml)”™* 10 identify. syatenic 
regions 
Statltics. All data evaluation and statisticn were done using Microsoft Excl 

isticalanalysis of data from A. halleri HMA4 RNAi lines was performed by 
multiple comparisons based on ANOVA. 
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Human metabolic phenotype diversity and its 
association with diet and blood pressure 


Elaine Holmes'*, Ruey Leng Loo'**, Jere 
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Hirotsugu Ueshima’, Liancheng Zhao”, Jeremy K. Nicholson’ & Paul Elliott* 


Metabolic phenotypes are the products of interactions among a 
variety of factors—dietary, other lifestyle/environmental, gut 
microbial and genetic’. We use a large-scale exploratory analy- 
tical approach to investigate metabolic phenotype variation across 
and within four human populations, based on 'H NMR spectro- 
scopy. Metabolites discriminating across populations are then 
linked to data for individuals on blood pressure, a major risk 
factor for coronary heart disease and stroke (leading causes of 
mortality worldwide’). We analyse spectra from two 24-hour urine 
specimens for each of 4,630 participants from the INTERMAP 
epidemiological study’, involving 17 population samples aged 
40-59 in China, Japan, UK and USA. We show that urinary meta- 
bolite excretion patterns for East Asian and western population 
samples, with contrasting diets, diet-related major risk factors, 
and coronary heart disease/stroke rates, are significantly differen- 
tiated (P< 107"), as are Chinese/Japanese metabolic phenotypes, 
and subgroups with differences in dietary vegetable/animal pro- 
and blood pressure*. Among discriminatory metabolites, we 
quantify four and show association (P< 0.05 to P< 0,0001) of 
mean 24-hour urinary formate excretion with blood pressure in 
multiple regression analyses for individuals. Mean 24-hour urin- 
ary excretion of alanine (direct) and hippurate (inverse), reflecting 
diet and gut microbial activities’, are also associated with blood 
pressure of individuals. Metabolic phenotyping applied to high- 
y epidemiological data offers the potential to develop an area 
of actiopathogenetic knowledge involving discovery of novel bio- 
markers related to cardiovascular disease risk. 
Prehypertensive and hypertensive blood pressure (BP) is prevalent 
among majority of middle-aged andolder adults in most countries, 
and is a major risk factor perpetuating)the ¢ardiovascular disease 
epidemic’, The goal of the INTERMAP metabonomic study’ is to 
develop metabolic phenotyping approaches to elucidate aetiopatho. 
genetic mechanisms underlying the global BP problem and related 
disorders, It aims to identify urinary metabolites that discriminate 
across population/subgroup strata defined by geographic or dietary 
criteria, and assess—for individuals—independent relationships of 
these metabolites to BP. The basic concepts are: (1) for population/ 
subgroup strata with differing coronary heart disease (CHD)/stroke 
rates or BP levels, the differences are largely attributable to lifestyles, 
especially diet; (2) these differences across strata are reflected in urin- 
ary metabolite patterns and specific metabolic biomarkers; and (3) 
for individuals, these biomarkers may relate independently to their 
BP, We use a technology platform that is analytically unbiased and 


detects a wide variety of metabolites from dietary, gut microbial and 
host metabolism sources imone analytical sweep', thus maximizing 
opportunity for novel biomarker discovery. The numbers of indi 
duals in our population samples are as follows: China, n= 832; 
Japan, n= 1,138; UK, n= 496; and USA, = 2,164 

‘A schematic;stimmarizing data-analysis strategy is shown in Sup- 
plementary Fig, 1a, b, Brom hierarchical clustering analysis (HCA) with 
‘group averagelinkage applied to the probabilistic quotient normalized” 
median: NMRospectrum (Methods), we find that East Asian and 
ester popillations have well-differentiated metabolic phenotypes 
(Figo): Results for first and second urine specimens show highly similar 
clustering order (Fig, 1 and Supplementary Fig, 2a), as do HCA den- 
drograms generated using the single-linkage method (Supplementary 
«). Geographic metabolic differences are greater than gender 


@China—@Jepan @UK @USA 
‘Simiarty ndox 


os 08 odo? 


Figure 1| Hierarchical cluster analysis usin linkage based 
fon median 'H NMR urine spectra, by popul id gender 

(= 4,630). Data for first 24-h urinary specimens. The hierarchical cluster 
analysis (HCA) algorithm produces a dendrogram showing the overall 
similarity/ dissimilarity between population samples, Similarity index is 
normalized to intercluster distance. The similarity index measures the 
multivariate distance between clusters, A similarity of one indicates zero 
distance between clusters; a value of zero indicates the maximum 
intercluster separation seen in the data, Each branch of the dendrogram 
defines a subcluster; population samples within subclusters are more simi 
to each other than to those in other subclusters, 
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differences, Metabolic phenotypes of southern (Guangxi) and northern 
(Beijing and Shanxi) Chinese are also differentiated; those of UK and 
USA population samples overlap. These findings are consistent with 
principal components analysis (PCA) results (Fig. 2a-d and Sup- 
plementary Fig, 3a-d). The plots of PCA scores show similarity of 
median urine metabolite profiles by gender, with separate subclusters 
for China (north and south), Japan and the two western population 
samples. Analyses of spectroscopic data sets from first and second urine 
specimensare highly consistent (Supplementary Fig. 4a),asare analyses 
limited to normal weight, non-diabetic participants (Supplementary 
Fig. 4b), and analyses repeated after removal of metabolic outliers 
(individual data shown in Supplementary Fig. 5) using the 95% 
Hotelling’s T° statistic'® (Methods and Supplementary Fig. 63, b). 

We examine pairwise comparisons across countries (except for 
UK and USA which are poorly discriminated) and show significant 
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differences (Hotelling’s T?, P< 107) using orthogonally filtered 
partial leat squares discriminant analysis (O-PLS-DA)" after exclu 
son of seclibplic out, [apoes’ living le Fepan asd Japaneses 
Americans are also differentiated (P<10~'). Discriminatory 
metabolites (Supplementary Table 12, 6) are identified from the 
(O-PLS-DA coefficients on the basis of four criteria: P value, the rank 
of the P valec,stabiley of rank and egresion cocfticent nrengih 
fiom a bootstrap resanopling procedure (Methods). They include 
ipetsbolies of prolomimanly diary origin, (or example, amino 
cide, cresting end trimcthylaminc: Nooridc; compounds related to 
energy metabolism (acetylearnitin, tricarboxylic acid cycle inter- 
mediates); and dicarboxylic acids (for example, suberate). We also. 
find that population gut microbial-mammalian co-metabolites! are 
discriminatory, for example, hippurate, phenylacetyglutamine and 
imethylamince we have prcriotsly shown structural difezcaces tn 


2 
2 
“80-60 40-20 G20 40 0 
Pot 
[esi @Chma = @UK @USA 
e a 
80. 7 7 
60. 
40. ca 40 
3” a) 
Ea 
o ° 
20 2 a ols a 
“ * a 
40 e 40 
“0-60 40-20" <0 20 40 «6D “80-0 40-20" 0 20 40 60 
Pci co 


16, Minneapolis; 17, Pittsburgh 


Figure 2 | Plots of cross-validated principal components analysis scores 
(n= 4,630). a, Pseudo three-dimensional plot for principal components 
(PC) 1-3; b, PC2 versus PCI; €, PCS versus PCI: d, PCS versus PC2. Median 
SHNMR spectra of the first 24h urine specimens stratified by country and 
by gender, female (triangles) and male (squares). R", = 74.2% (percentage 


‘variation in the NMR data explained by the model); Q°, = 
(percentage variation in the NMR data predictable by the model from cross- 
‘alidation). The cross-alidated scores Values forthe frst three components 
are available in Supplementary Information, Symbols in b-e asin a, 
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Chinese and American gut microbial speciation and direct linkage of 
microbial composition to metabolic phenotype’ 

Participants consuming dietary protein predominantly from 
vegetable or from animal sources (subgroups differing in BP levels") 
are also differentiated (Hotelling’s T° P< 10”'%) for East Asian and 
western samples considered separately (Fig, 3a, b and Supplementary 
Fig. 7a, b). Significant discriminatory metabolites (Fig. 3c, d and 
Supplementary Fig. 7c,d) closely correspond to those from the pair- 
wise country comparisons. 

We then quantify four discriminatory metabolites (alanine, formate, 
hippurate and N-methylnicotinate) from the 'H NMR spectra 
(Methods and Supplementary Fig. 1b) and analyse these with respect 
toall other spectral variables using O-PLS regression''. Largest r° values 
(first urine specimens), other than for intra-molecular correlations, are 
(1) for alanine, with 2-oxoglutarate, reflecting close metabolic linkage 
via glutamate-pyruvate transaminase activity”; (2) for formate, with 
alanine, explained by pyruvate/Co-A metabolism; (3) for hippurate 
with N-methylnicotinate; and (4) for N-methyInicotinate with hippu. 
rate, reflecting common or related renal transporter/secretion mechan. 
isms, We also find significant correlations (|r| = 0.10, P< 10°) with 
other variables (Supplementary Table 2): (1) alanine, positively with 
energy intake, dietary cholesterol, body mass index, 24-h urinary Na” 
and K and Na" /K* ratio; inversely with alcohol intake; (2) formate, 
positively with energy intake,24-h urinary Na* and K*;(3) hippurate, 
positively with dietary fibre, Mg?’ phosphorus, 24-h urinary Na” and 
Kk’; inversely with alcohol intake and urinary Na"/K” ratio; and (4) 
'N-methylnicotinate, positively with dietary Mg’, 24-h urinary Na” 
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and K inversely with urinary Na" /K* ratio. Strongest correlationsare 
with 24-h urinary Na* excretion for alanine (Pearson r= 0.39) and 
formate (r= 0,37), and with 24-h urinary K* excretion for hippurate 
(r= 0.40) (when excreted as the sodium salt, hippurate can cause an 
aldosterone-mediated increase in K* excretion"). 

In multiple linear regression models (four per metabolite for each of 
systolic and diastolic BP), accounting for the key non-dietary and 
dictary/urinary excretion variables associated with BP”, we find sig- 
nificant inverse associations of formate with both systolic and diastolic 
BP (all eight models, Table 1); also of hippurate in six models, and 
ificant direct association of alanine with BP in five models 
(Table 1). Regression estimates are similar or larger with analyses 
restricted to ‘non-intervened’ individuals", that is, people without 
special diet/nutritional supplements or diagnosis/treatment for cardio- 
vascular disease or diabetes (Supplementary Table 3). Technical errors 
and reliability estimates of quantified metabolites are provided in 
Supplementary Information and Supplementary Table 4. 

Using large-scale metabolic phenotyping, we have identified novel 
candidate urinary biomarkers related to BP, Endogenous formate is 
largely the productiof one-carbon metabolism via the activities of 
mitochondrial and cytosolic sete hydroxymethyl transferases, and 
the tetrahydrofolate pathway”. Formate is also produced as one by- 
product of fermentation of dietary fibre by the gut microbiome". Itis 
involved in active CI~ feabsorption at the apical proximal tubule via 
the CFEX anion exchanger under inhibitory control of the serine- 
threonine kinase WNK4; gain-of-function mutations in WNK4 cause 
pseudohypoaldosteronism type Il, a mendelian disorder associated 
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Figure 3 | O-PLS-DA scores and loadings plots (bootstrap analyses) for 
participants reporting high vegetable/low animal protein and low 
‘vegetable/high animal protein intakes, first 24-h urinary specimens. Plots 
(one orthogonal component) compare top and bottom quartiles, adjusted 
for sample, age and sex, from a, East Asian, and b, western population 
samples, Loadings plots from the O-PLS-DA bootstrap analyses arc shown 
with discriminatory metabolites labelled (see Methods for metabolite 


selection criteria) for, East Asian and d, western participants. Analyses are 
afer removal of metabolic outliers using the 95% Hotelling’s T statistic in 
the initial PCA. The plots show the number of participants, the number of 
components used in each model and the Q'y values (percentage variation in 
the protein subgroup assignment predictable by the model from cross 
validation). 
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ble 1| Estimated mean differences in systolic and diastolic BP 
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Urinary metabotte ra w 
Not adjusted tor ‘Aajsted tor et adhusted fr Bt ‘dusted for 

‘Systolic Blood pressure (mm Hg) 

Alanine 289 (6.06) 040 (032) 266 sa) 13 (24a) 

Formate -119 (262) 142328) 194 392) 108 (220) 

Hippurate -230 © (485) 163 (395) 172, (370) - 082 (183) 

Nemethyinicatinate -009 © (-021) 020 (0.49) 00 (000) 06s, (153) 
Diastolic blood pressure (mm Ha) 

Alanine 157 san 017 (055) 158 am oer (2.90) 

Formate -080 (296) 102, (349) 141-422) 086 (265) 

Hippurate -098 © (-333) 071 = (250) 077-242) -023 073) 

Nemethyinicotinate -007 (025) 0.09 032) -001_——(-003) 037 (127) 


Saar 


te 029 mma per24h (n= 4187) higourae— 355 mmol per 24h (n= 8188), Wom 


A: Adjuster a, sen, 
aod pressure 


with hypertension'®, We show that urinary formate and urinary Na” 
excretion are positively correlated. Given the central importance of 
NaCl in control of BP and the rise of BP with age'”", our findings 
suggest a previously unrecognized role for formate in BP regulation. 

The inverse association of hippurate (benzoyl glycine) with BP 
may reflect physiological connections with diet’ and gut microbial 
activity’, Availability of calories from the diet is also modulated by 
{gut microbes in human obesity", which in turn relates to BP". We 
previously reported that dietary alanine is higher in people consum- 
ing a predominantly animal compared with a predominantly veget- 
able diet’, consistent with our findings here of a direct association 
of urinary alanine excretion with BP. Also in experimental animal 
models, alanine modulates cardiovascular responses to circulating, 
catecholamines and increases BP”, 

Cross-population metabolic differences shown here add a new 
dimension to the decades-long knowledge of East-West contrasting 
patterns of diet, diet-related major risk factors and CHD/strokemor- 
tality (Supplementary Information, Supplementary Figs 8a, b and 9a, 
b, and Supplementary Tables 5 and 6). We have shown thatiurinary 
metabolic phenotyping across populations/subgroups at differing 
risks of CHD/stroke and high BP identifies noyelcandidate biomar- 
kers that relate to BP of individuals, This may provide the basis for 
4 new ‘metabolome-wide association’ approach in molecular epi- 
demiology to help understand the complex interactions of lifestyles, 
environment and genes that deterthine major diseases in the twenty- 
first century. 


METHODS SUMMARY 

INTERMAP isan international standardized popolation-based epidemiological 
investigation of dict and BP We collected four in-depth 248 muli-pass dietary 
recs, eight HP measurements, antheopometric and questionnaire data and 
tained two timed 24-h urine specimens, om average thee weeks apart, fom 
tach individual according to tandard protocol. We performed 600 Mttz 'H 
NMR spectroscopy on these samples extimated witin-specimen reproducibility 
twas > 5896 from blinded analy of 8 specimens spit inthe fi. Scans (64) 
fer each spectra wete aque ning standard parnnsets ana pre proceaing 
tlgorihins™ spect were reduced to 7.100 varales by intersting specral 
intensity in segments (width in chemical shit, 0.001) corresponding to the 
regions 6 = 055-95 (excluding 5 = 45-64 containing the residual water and 
trea resonances). We performed HCA and PCA using the median NMR spec: 
tram for each of 4 gender-specific population samples. The Hoteling Tx 
inti (950 eriteron) calculated from PCA analacs fall frst and second Mh 
trine spectra, was used to remove metabolic outliers (n= 575). enabling finer 
spectral detail For the remaining 4.055 individuals, we used O-PLS-DA" to 
‘ea jaitend of tiles Mifcostatng plik of popleiomlacgrds 
All chide were pusad patie Gn nt ned apctel ch wae Sperieas, 
For four quantified metabolites we estimate tecnica err fram the 8% split 
snjleg and doko individ ahelty™ fea comperiaaa of fet nd sec 


dato Blood pretareaifernces por V 25a aerence m each lau quantiles mary mcaboltes (mean al wo 2a-harine values) Numbers hparenieses are scores 

regression couilent dided by standard wor (Z-scare= 196, P< 005, = 258, POOL =329, P= 0.001 = 389, P< DOO!) 22.4 dierence or alanine = 0:34 mmol pet 24 NCW 
viniatnale~ 0. mo pr 24h (= 4081) (chemical sls aed or quanta 

8.45 hippuate, 87 BS and Nmethyncatinate, 48.48) Regresnon coeticints tor naval are pooled seross counties (Methods) there no evidence fre 


re 
‘asa 


ipl, speci diet, supplement we. canowdscla ease or betes me agony ctv (per 28h moderate cr heavy acti) family story of high 


24h urinary excretion valley, Correlation-regremion analysey were performed 
vsing standard methods. 


Full Methods and any aésociated references are available n the online version of 
the paper at www nafure.com/nature. 
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METHODS 
Storage, preparation and 'H NMR spectroscopic analysis of urine. Urine 
aliquots (containing boric acid preservative) were stored at —30°C, thaveed 
before use, and 'H NMR spectra acquired using a standard one-dimensional 
pulse sequence with water suppression (Bruker Avance 600 spectrometer ope- 
‘ating at 600,29 MH. in flow-injection mode"). Spectra were analysed in seg- 
‘ments of width 0.6 Hz (less than the 1 Hz fequency resolution), thus retaining all 
structucal information, We normalized the data to total spectral area to remove 
outlier, tn al other models, the probabilistic quotient method" was used to 
expose finer detail in the metabolic profile, as iti relatively unaffected by resi- 
dual outlying samples. 

Data analyses. Data were available for 4,630 of the 4,680 INTERMAP partic. 
pants (Supplementary Fig. 1a) For population/subgroup analyses, we used d 
separately from the fist and second urine specimens since averaging them loses 
spectral resolution due to sight shift in peak registration. For individual-level 
analyses, for example, regression with BP, we wsed the mean of the two 24-h 
urinary values to increase precision’ 

HCA and PCA, We used the median spectrum of each gender-specific popu- 
lation sample for each of the two 24-h urine specimens. For HCA we used 
Pirouette (version 3.1.1, Infometsix Inc.) with euclidean distance, and both 
sroup average and single linkages. We computed PCA models in Simea P+ 
{version 11, Umetrics) using sevenfold cross-valiation™ to select the number 
‘of components. 

Detection and removal of metabolic outliers. PCA modelling of all 4,630 par- 
ticipants revealed outlying groups dueto high levels of urinary glicose,trimethy- 
lamine-N-oxide, ethanol, acetaminophen and their metabolites (Supplementary 
Fig. 5). To remove outlets, we normalized the spectra to total area and applied 
Pareto scaling (dividing each variable by the square root of the standaed devi- 
ation), "This method weights the variables such that high concentration metabo- 
|ies do not dominate the model, while avoiding noise amplification. Paticipas 
‘whose scores mapped outside of the 95% Hotelling T* ellipse™ in either first or 
second specimens were excluded (n= 575), leaving n= 4,055 individuals. 
-PLS-DA" and selection of discriminatory metabolites. We used an in-house 
O-PLS-DA algorithm ia MATLAB 73.1 (MathWorks) to establish pairwise 
models between populations/subgroups, with variables scaled to unit variance 
‘We used bootstrap resampling to identify discriminatory ¥ 

cof metabolite identification used results from urinary collections: a metabolite 
‘was only considered discriminatory (Supplementary Table 1) if it was signif 
cantly associated and ranked among the top metabolites for both specimnens. At 
cach iteration, a bootstrap sample ofthe same size as the full sample wasicon- 
sieucted by sampling at random with replacement. The sample was) sed 10 
compute an O-PLS-DA model and the corresponding tegression coeffigients 
were obtained, representing the contribution ofthe hh metabolic variable to 
between-group discrimination, This procedure was repeated 250'times: the 
resulting sampling distribution generated the bootstrap standard deviation of 
cach regression coefficient, fy for calculation of an approximate Student's 1 
satstic and corresponding # value, P, for the sigifigance ofthe ah coefficient 
{following the procedure of ref 26). The Pvaluesat cath bootstrap iteration were 
ranked, and for each coefficient, the mediamand width of the 95% confidence 
interval ofthe ranks across the 250 boostrap samples wetetalculated. For each 
palrwise model the ith metabolic variable was then considered discriminatory if 
separately for both first and second 24¢h urinary speximens, the following c 
teria were met: (1) the coefficients b, wertsigniticant, P,<7 x 10”* (corres: 
ponding to P<0,05 after Booferrooi correction f47.100 spectral variables; this 
{sconscryative given the corcelation structure between spectral variables: (2) the 
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median ranks for the ith coefficient were in the top 5%; (3) the width of the 
confidence intervals ofthe ranks were inthe bottom 5% (4) the cafficients , 
were in the tap 60%. 
Quantitation of metabolites, reliability and regression against blood pres- 
sure. Mean coacentrations of four metabolites (alanine, formate, hippirate 
and N-methylaiotinate) were quantified from the NMH spectra of frst and 
Second urine specimens. We used an automated method modified from ref 
27, and excluded specimens where the estimation procedure failed or the valucs 
fell outside the method tolerance limits, for cither urine specimen, Kesults were 
calibrated to the creatinine peak (CH, 6 = 4.06) and then to creatinine con- 
centration measured externally using the Jaflé method (Supplementary 
formation). We calculated 24-h urinary excretion (mmol per 24h) by siul- 
tiplying urinary concentrations by urinary volume. Technical error” for each 
‘quantified metabolite was calculated from the 89% split specimens. To compare 
the NMR findings with independent analyses, we calculated the Spearman rank 
correlation cocfiients relating our results (Gs urine specimens) for alanine 
4.232) with thos frm ion exchange chromatography” and, forhippurate 
124), with gas chromatography mass spectrometry” 
‘Observed regression coeficiens relating urinary variables to BP are ateau- 
ated because of within-person yariability*in metaboliteexcreton. We estimated 
Wwithin- and between-person variancesfor urinary metabolites from one-way 
ANOVA. Ratios of within: ta hetween-person variance, 2, were calulated for 
«ight country/gendee-epecfic subgroups and pooled, weighted by degrees of 
freedom. We averaged the two 24+ urinary values foreach quantified metabo- 
lite, and estimated percentage athe theoretical regression coefficient (K,) for 
univariate regression) by the formula K,,~ 2/(2-+ 4) X 100 (ret, 24), We used 
multiple regression to Felatemcan metabolite concentrations to mean systolic 
and diastolig BP using SAS (version 9.1, SAS Inninute) with adjustment for 
potential cotfounders, with and without body massindex'. We ited regression 
models by cout and pooled cooficients across counties, weighted by inverse 
‘of thevarianc, to estimate overall association, and tested for heterogeneity of 
‘ountry-xpevifl coefficients’. We express regression coeffcints as mm Hg pet 
2d higher urinary metabolite excretion, from pooled within-country standard 
deviationsifrom one-way ANOVA)’. 
Steuctucal characterization of metabolites. We used availabe spectral data- 
‘basesaind chemical adition experiments to aid structural identification of ds- 
<iminatory metabolites. For the remaining metabolites, we used statistical total 
coreelation specitoscopy" and solid phase extraction chromatography coupled 
swith NMR. 
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Genetic evidence that FGFs have an instructive role in 
limb proximal-distal patterning 


Francesca V. Mariani’*¢, Christina P. Ahn'* & Gail R. Martin’ 


Half a century ago, the apical ectodermal ridge (AER) at the distal 
tip of the tetrapod limb bud was shown to produce signals neces- 
sary for development along the proximal-distal (P-D) axis, but 
how these signals influence limb patterning is still much 
debated", Fibroblast growth factor (FGF) gene family members 
are key AER-derived signals, with Fgft, Faf8, Fgf9 and Fgfl7 
expressed specifically in the mouse AER®. Here we demonstrate 
that mouse limbs lacking Fg/t, Fgf9 and FgfI7have normal skeletal 
pattern, indicating that Fg is sufficient among AER-FGFs to 
sustain normal limb formation. Inactivation of Fg/8 alone causes 
a mild skeletal phenotype; however, when we also removed dif- 
ferent combinations of the other AER-FGF genes, we obtained 
unexpected skeletal phenotypes of increasing severity, reflecting 
the contribution that each FGF can make to the total AER-FGE 
signal. Analysis of the compound mutant limb buds revealed that 
in addition to sustaining cell survival, AER-FGFs regulate P-D- 
patterning gene expression during early limb bud development, 
providing genetic evidence that AER-FGFs function to specify 
distal domain and challenging the long-standing hypothesis that 
AER-FGF signalling is permissive rather than instructive for limb 
patterning, We discuss how a two-signal model for P-D patterning 
can be integrated with the concept of early specification to explain 
the genetic data presented here, 

Fag is expressed in prospective AER cells of the ascent limb bud 
and, subsequently, throughout the AER until it regresses". By con. 
trast, Feft, Fg/9 and Fgf17 expression commences after the AER is 
formed, is restricted to the posterior AER, and ceases at least a day 
before AER regression’ (Fig. 1a). When AER+EGFs are individually 
eliminated, only loss of Fg/8 function \perturbs skeletal patter 
ning’""“". The other AER-FGFshave been proposed to be essential, 
but functionally redundant, components of a positive-feedback loop 
between the AER and the patterning centre in posterior limb bud 
mesenchyme that produces sonic hedgehog (SHH)*'="". We tested 
this hypothesis by deleting Fgfd by means of Cre-mediated recom 
bination in the AER of embryos homozygous for Fgf and Fgf17 null 
alleles""'' (hereafter referred to as F4;9,17-triple knockout (TKO) 
mutants; Fig. 1b). Because Fe/t deletion occurs before Feft expres: 
sion normally commences* (see Fig. 1a), the F4;9,17-TKO limb buds 
do not produce FGF4, FGF9 or FGF17. Nevertheless, in F439,17-TKO 
skeletons (= 6), the three classically defined limb segments—sty 
lopod (upper arm or leg), zeugopod (lower arm or leg) and autopod 
(wristfhand or ankle/foot)—were essentially normally patterned 
(Fig. 1c). Consistent with this observation, in situ hybridization 
(not shown) and quantitative PCR after reverse transcription 
(RT-PCR; Fig. 1d) showed normal Shh expression in F4 
‘TKO limb buds at embryonic day (E)10.5. Moreover, there was no 
compensatory upregulation of Fg/8 in F4;9,17-TKO limb buds at 
E1055 (Fig. 1d). These data demonstrate that Fgf8 is sufficient for 


normal limb development, including sustaining Shh expression, 
and that whatever positive:regulatory interactions occur between 
Shh and the posterior AER-FGF genes, they are dispensable for nor 
‘mal limb skeletal development. 

Although not required when FGFS is present, each posterior AER 
FGF (FGF4, FGF9 and FGE17) may contribute to limb development. 
Such contributions can be uncovered by inactivating these genes, 
singly or in combination, along with Fgf& (refs 14 and 15). To pro: 
duce such doublé-knockout (DKO) and TKO mutants, we used 
‘Msx2-cre, which functions earlier in hindlimb than in forelimb buds? 
(see Fig, 1a).When inactivated by Msx2-cre, FgfBis never expressed in 
hindlimb buds, but is transiently expressed in forelimb buds before 
£9.5; consequently, Fgf8 knockout (F8-KO) hindlimbs are more 
severely affected than forelimbs®. In F8:4-DKO mutants, the hind 
fimb skeleton fails to form, whereas the forelimb skeleton develops 
butlacks many elements, Likewise, in F8:4-DKO mutants lacking a 
copy of Fgf9 (F8;4-DKO;F9"/" mutants), there was no hindlimb, but a 
more severely affected forelimb developed (see below). Compound 
mutant forelimbs thus provided a greater range of phenotypes for 
analysis than hindlimbs. 

These forelimb phenotypes (summarized in Supplementary 
Table 1) could be ranked in order of increasing severity, F8-KO 
(= 10), F8:17-DKO (n= 8) and F8-KO;F9"’" (n= 6) mutants dis 
played a similar mild phenotype, with all skeletal elements present 
except for one digit, and slight hypoplasia of the stylopod and 
zeugopod (Fig. 2a, b; data not shown; ref. 6). Similar defects were 
seen in F8;9-DKO (n= 16) and F8;9,17-TKO (n= 8) mutants, but 
the zeugopod posterior element (ulna) was short and the anterior 
‘element (radius) was absent (Fig. 2c; data not shown), The hindlimb 
zeugopod was similarly affected in these mutants, but, notably, it was 
the posterior zeugopod element (fibula) that was missing (not 
shown). Assays for Sox9 expression, which marks the condensations 
that develop into skeletal elements", showed that these patterning 
defects were detectable by E12.5 (Fig. 2h~j; data not shown), demon- 
strating that AER-FGFs are essential for establishing skeletal pattern 
at limb bud stages. A more severe phenotype was observed in F 
DKO mutants (= 5), in which the forelimb zeugopod consisted of 
only a hypoplastic ulna and all autopod elements were absent except 
for one or two phalanges (Fig. 2d; ref. 14). Removing one copy of Ff 
further increased phenotype severity (n= 14 mutants; Fig. 2e, ; 
when both copies were removed, F8:4:9-TKO mutants (= 9) lacked 
all forelimb skeletal elements (Fig. 2g). 

The simplest explanation for these data is that the individual AER- 
FGFs are functionally equivalent” but that they differ in the extent to 
which they contribute to the AER-FGF signal, presumably reflecting 
differences in their temporal and spatial expression profiles, levels of 
expression, and binding specificities to FGF receptors in the limb bud 
mesenchyme. If so, then the range of skeletal phenotypes observed 
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when specific combinations of AER-FGFs are removed reflects a 
change in the level of total AER-FGE signal. In support of this hypo- 
thesis, we found that at E10.5 the size and intensity of the expression 
domain of Duspé (a downstream target of AER-FGF signalling”) 
negatively correlated with the severity of the mutant phenotype 
(Fig. 21-0). Together, these data suggest that Fg/8 makes the greatest 
contribution to the AER-FGE signal, followed by Fgft, Fgf9and Fef!7. 
Furthermore, our data suggest that there is a critical threshold of 
AER-FGF signalling, below which skeletal elements do not form, 
The phenotype of the F8:4-DKO;F9™* forelimbs was especially 
notable: the stylopod (humerus) was present, but was often smaller 
than normal and truncated distally, with elements of a single digit 
immediately distal to it, The most distal element usually had the 
pointed tip of a terminal phalanx, occasionally with a nail overlying 
it (Fig. 2e, ff data not shown). Sometimes there was a substantial gap 
between the humerus and the phalangeal elements (Fig, 2f and 
Supplementary Table 1), The complete absence of the zeugopod 
and most of the autopod was confirmed by Sox9 expression assays 
at E125 (Fig, 2k; see Supplementary Fig. 1 for data on Hoxal 
expression), One possible explanation for this phenotype is that 
the severe reduction in AER-FGF signalling causes the death of most 
autopod and zeugopod progenitors in the early limb bud. However, 
consistent with previous reports'*"", mesenchymal cell death in FS 
DKO;F9”" mutants was detected in a proximal dorsal region at 
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Figure 1| Fof8 is sufficient for normal limb development. a, Schematic 
diagram illustrating temporal aspects of wild-type AER-FGF gene 
‘expression and the stages at which the Msx2-cre transgene functions to 
inactivate the Fef8 and Fg floxed alleles in the AER. Note that development 
of forelimb (FL) buds, as marked by Fxf@ expression, commences before that 
‘of hindlimb (IL) buds, that Fy expression precedes that of Fef4, Faf9 and 
Fgf17, and that Msx2-cre functions earlier in hindlimb than ia forelimb 
buds b, Schematic diagram of mouse chromosome 14, showing the map 
positions of Fg Faf7 and the Msx2-cre transgene, which lies within 

1 centimorgan (eM) of Bmprta (not illustrated) and 12.8eM from the 
centromere (circle). Because ofthis linkage, once the parental animals 
(male on lef; emale on right) were generated we could produce progeny of 
the genotype illustrated (FafsFe/,Fgf17 TKO mutants) in which the Fgf# 
conditional nul allele (Fgf#") is converted by Msx2-cre function in the AER 
to Fat, a null allele lacking exons 2 and 3, at a frequency of 12.5% 
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10.5, and not distally (Fig. 3c), where autopod and distal zeugopod 
progenitors reside". Cell death remained proximally restricted until 
ELL, after which it was no longer detected (not shown). In mutant 
limb buds with more AER-FGF signalling, the cell death domain 
occupied a smaller percentage of limb bud volume (Fig. 3a~d; data 
not shown). Because the dying cells ae proximally localized, it seems 
unlikely that autopod or zeugopod progenitor cell death is the main 
cause of the phenotype. 

Another possible explanation for the lack of zeugopod and most of 
the autopod in F8:4-DKO;F9"" forelimbs, is that AER-FGFs are 
involved in specifying distal cell fate, and when AER-FGF signalling 
is markedly reduced, fewer cells are specified as distal. This hypo- 
thesis could be tested by examining the effects of reducing AER-FGF 
signalling on the expression of genes essential for P-D specification, 
Meis!, which encodes a homeobox transcription factor, is potentially 
‘one such gene because ectopic Meis! expression is reported to induce 
distal-to-proximal transformations in chicken limb buds". Initially, 
Meis! expression is detecte@throughout the nascent limb bud 
mesenchyme; subsequently, a Meisl-negative distal domain is esta~ 
blished and increases in sizes the limb bud expands”, Consistent 
with a role for FGFs imispecifieation of a distal domain, FGF-bead 
implantation and drug inbibition studies showed that FGF signalling 
can repress Meis1 expression”. Moreover, we previously found that 
the extent of the:Mcistenegative expression domain was reduced in 
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(n= 6/48), close to the expected frequency of 15.5%. , FefsFep®.Fef17 TKO 
forelimb and hindlimb skeletons at E17.5; these are indistinguishable from 
those ofthe wild type (not shown), except for an enlarged deltoid tuberosity 
caused by loss of Ff? function after condensation”. d, Quantitative 
RT-PCR assays for Fyf® and Shh expression. A representative experiment on 
forelimb buds from embryos at ~E11.0 (39-40 somites; n= 4 limb buds for 
cach genotype) is shown. Values are normalized to cyclophilin expression 
and are shown as means = standard deviation. The difference between 
control and mutant limb buds with respect to Fy/# and Shh expression was 
‘ot significant (Fef8, P= 0.61; Shh, P= 0.80). A two-tailed Student's t-test 
was employed, using the average of triplicate cyele count values foreach limb 
bud. Similar results were obtained for limb buds at 33, 34, 35 and 37 somites. 
Abbreviations: A, autopod: DT, deltoid tuberosity: Fe, femur; Fib, fibula; 
Hu, humerus: Ra, radius; Se, scapula; S, stylopod; som, somite number; Ti 
tibia; UL, ulna; Z, zeugopod: I-V, digit numbers from anterior to posterior. 
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Figure 2 | Effects of inactivating AER-FGF genes on skeletal development. 
2-4, Comparison of skeletal preparations of forelimbs from E17.5 embryos 
of the genotypes indicated. The asteriskin b, €and indicates that the mutant 


‘ofthe anterior element (radius). The differences in humerus thickness/shape 
and deltoid tuberosity size among mutants of the various genotypes 
illustrated in b-d were also observed among mutants ofthe individual 
‘genotypes, suggesting they are caused by background genes. , Two 
examples of FgfSiFgft-DKOsF/9"" forelimb skeletons, illustrating the 
tore (e) and les (f) common phenotypes, respectively. The insets show the 
element of the limbs at higher magnification. The bracket (f) indicates 


F&:F4-DKO limb buds'*. However, because thé FSIR4-DKO limb 
buds were considerably smaller than thase of eontrols, it was impos- 
sible to know whether the observed effect wagsecondary to the reduc- 
tion in limb bud size. 

‘We were able to examine the effetts of reducing AER-FGF signalling 
on Meist expression independent offits effects on limb bud size, 
because the various AER-EGE compound mutant limb buds, although 
smaller than normal, were remarkably similar in overall size at E10.5 
(Big. 3e-h; data not shown). One explanation for this finding is that 
their size at E10.5 reflects the elimination of cells that died due to 
inactivation of Fgf8, which is expressed from ~E9.0 and inactivated 
by ~E9.5, whereas the effects of loss of Feft and Fgf9 function on cell 
survival are not yet evident because their expression begins later than 
Faf8 expression. By ELL, however, size differences became evident 
among the compound mutants; this was caused by extensive cell death 
and possibly a negative effect on cell proliferation after E10.5. These 
size differences were correlated with the decrease in AER-FGF signal- 
ling (not shown) and, subsequently, with skeletal phenotype severity 
(Fig. 2h-k and data not shown). Assays for Meis1 at E10.5, when limb 
bud size was similar, showed that the Meis!-negative, distal domain 
‘was significantly reduced in F8;9-DKO and was further reduced in 
F8;4-DKO;F9’* forelimb buds (Fig. 3i-1). To our knowledge, these 
data provide the first genetic evidence that AER-FGFs repress expres- 
sion ofa gene presumed to be involved in specification of proximal cell 
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the fap between the distal end of the humerus and the digit-like element, 
‘h-o, Expression of Sox9 at E12.5 and of Duspé at E10.5 (37 somites), ax 
detected by RNA in situ hybridization in whole-mount in forelimb buds 
from embryos of the genotypes indicated. Sox9 expression marks the 
condensations that prefigure the skeletal elements. The dotted white lines 
(and k) outline the condensations that will develop into the scapula, Note 
the absence of the developing radius (j). The bracket (k) demareates the 
region devoid of Sox9-positive cells between the developing condylar 
pportion of the humerus and a distal condensation that presumably 
represents the distal part of a digit. pRa, prospective radius; pUl, prospective 
ulna. Other abbreviations are asin the legend to Fig. 1. 


identity. In summary, we conclude that AER-FGF signalling serves at 
least two vital roles during limb development: to promote cell survival 
and to specify distal cell fate. 

‘An important question is how our data fit with existing models for 
limb P-D patterning, The ‘progress zone’ model postulates that the 
P-D pattern develops gradually, with cells in the distal limb bud 
mesoderm acquiring progressively more distal positional informa- 
tion over time, and that AER signals are not instructive for P-D 
patterning, but instead are ‘permissive’, keeping distal cells labile 
and able to change positional values by an unknown mechanism. 
However, our data showing that AER-FGF signalling is necessary 
to regulate Meis! expression indicate that it functions as an instruc~ 
tive rather than a permissive signal in limb development. 
Furthermore, the phenotypes of AER-FGF mutant skeletons (for 
example, F8;4-DKO;F9”* forelimbs, which contain stylopod and 
autopod but no zeugopod elements) are not readily explicable by 
the progress zone model’, which describes limb patterning as a 
progressive process whereby distal is specified only after proximal. 

By contrast, the ‘early specification’ model” postulates that cells 
along the limb P-D axis are specified to form the stylopod, zeugopod 
and autopod limb segments at an early limb bud stage. Although not 
originally considered in this context, one model that can explain how 
such early specification occurs is the “two-signal model’. This pro- 
poses that limb bud cells are initially exposed to a proximal signal 
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size and Meist expression. a-c, Confocal images of sections through E10.5 
forelimb limb buds (35-36 somites) of the genotypes indicated stained with 
LysoTracker Red (which labels apoptotic cells aswell as healthy cells engulfing 
apoptotic debris") and DAPI (blue, which labels nuclei). d, Graph showing the 
average percentage of limb bud volume that is LysoTracker-Red-positve for 
cach genotype, The difference between the two mutants was statistically 
significant (P = 0.014, two-tailed Student's t-test). e-8, Dorsal views of E105 
forelimb buds (36-37 somites) from embryos ofthe genotypes indicated. 

h, Graph showing the average total volume of £10.5 limb buds (35-37 somites) 
of the genotypes indicated. No st 

between mutants (P = 0.79, two-tailed Student’ est. 
buds (37 somites) were assayed in whole mount by RNA in situ hybridization 
for Meis! expression. The dashed tan and sold yellow brackets in each panel 
demarcate the Meis!-positive proximal and MeisI-negative dist domains in 
the limb bud mesenchyme, respectively. The length ofeach bracket reflets the 
average of the four measurements made on each sample. |, The average 
percentage of total limb bud proximal-distal (P-D) length (the sum ofthe 
lengths of the proximal and distal domains) that is Meis!-negative is shown for 
cach limb bud. The difference between mutants was statistically significant 
(P= 0.0003, two-tailed Student’ test) In dy hand |, ndefines the number of 
limb buds analysed for exch enotype, and the error bars show the standard 
deviation, Abbreviations: A> P, anterioe-posterior: AER, apical ectodermal 
ridge: D+ V, dorsal-ventral; P» D, proximal-distal, 


from mesoderm flanking the limb bud, possibly retinoic acid, and 
then to an opposing distal signal (FGF) from the AER, which esta~ 
blish proximal and distal domains, respectively”. Formation of a 
third (middle) domain might then occur as a result of interactions 
between cells at the boundary between proximal and distal domains 
over time, thus creating the three domains from which the stylopod, 
zeugopod and autopod segments will develop (see Fig. 4a). Add 
tional domains within the autopod, from which wrist elements, 
metacarpals and digits develop, might likewise form as a result of 
cell-cell interactions at domain boundaries. This concept is consis 
tent with the intercalation models proposed to explain amphibian 
limb regeneration”. Early specification would thus be a ‘dynamic’ 
process that takes place in concert with limb bud outgrowth. 
Our data support this model by providing genetic evidence that 
AER-FGFs function as an initial distal signal at early stages in limb 
development. 

Such a two-signal dynamic specification model can easily explain 
the forelimb skeletal abnormalities reported here based on our 
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‘2 Two-signal dynamic specification model for P-D patteming 
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Figure 4 | AER-FGF mutant phenotypes plained by a two-signal 
dynamic specification model for limb proximal-distal patterning. a, Left, 
proximal (P) signals) from flanking mesoderm and opposing distal (D) 
signal(s) from the AER (FGFs) specify P (tan) and D (purple) domains?” in 
the limb bud by £10.55 centre «third, middle domain (cross-hatched) forms 
within the D domain, a hypothesis supported by recent fate mapping. 
studies”; right, the three domains develop into the classically defined 
segments: stylopod (S, tan), zeugopod (Z, gold) and autopod (A, purple). 
b, Wildstype and AER-FGF mutant forelimb buds (dorsal views). At E10.5, 
all mutant limb buds are equal in size but are smaller than the wild type 
(quantified in this study for all genotypes except F8;4-DKO), and contain 
dying cells inthe mesenchyme (red dots; cell d not depicted). By 
E11 Spmutant limb bud size is decreased in proportion to the reduction in 
AER-FGE signal; dying cells are no longer observed in the mesenchyme, 

€ Meis!-positive P (tan) and Meis!-negative D (purple) domains are 
‘specified by opposing P and D signals, respectively. In the mutants, only the 
signal is reduced, in proportion to the AER-FGF signal. Because the D 
signal is weaker than normal and also because the limb bud is smaller than 
‘normal due to cell death specifically in the P domain, the P signal extends 
‘over a region that, in wild-type limb buds, would normally be exposed to the 
D signal. d, Diagrams representing the size and number of elements i 
forelimbs of each genotype at birth. Owing to changes in the extent of limb 
bbud P-D length influenced by P and D signals inthe mutants at E10.5 
{arrows in e), cells noranally fated to form Z or A elements are specified as 
proximal and instead develop into S. For example, in F8:9-DKO limb buds, 
some Z and A elements are missing whereas Sis nearly normal. In F8 
DKO,F9~" limb buds, all Z and all but the distal-most A elements are 
‘missing, whereas S forms but is reduced in size. 


findings that AER-FGFs have a dual function in limb development, 
‘Thus, we suggest that in the AER-FGF mutants, the distal signal is 
reduced in proportion to the decrease in AER-FGF signal. Because 
there is less opposing distal signal, the proximal signal, which is 
produced at the normal level, extends more distally than normal, 
specifying cells that would normally have formed distal elements to 
be proximal and thereby compromising autopod and zeugopod 
development. However, the stylopod is not abnormally long because 
proximal cells die in the AER-FGF mutants (Fig. 4b~d; see Supple- 
‘mentary Fig. 2a, b). This model of AER-FGF dual function can also 
explain the limb skeletal defects observed in other studies of mouse 
mutants*”* and X-irradiated chicken limb buds* in which the sty- 
lopod is severely reduced but distal elements are less affected (see 
Supplementary Fig, 2c). 

Presently, it is not possible to assess when segment specification 
occurs and critical tests of this model cannot be performed because 
there are no molecular markers for the progenitors of the different 
segments. A promising avenue for identifying such markers has 
recently been opened by the demonstration that cells in proximal 
and distal regions of the early chicken limb bud are distinguishable 
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by their sorting behaviours in vitro®. It will be intriguing to deter- 
mine whether FGFs produced in the AER are involved in establishing 
these differences. 


METHODS SUMMARY 
Production of mice. The mutant alleles used in this study were maintained on a 
‘mixed genetic background. F4:9,17-TKO mutants were generated by crossing 
parcatal animals of the genotypes depicted in Fig. 1b. Animals of the other 
{genotypes were produced by generating and crossing appropriate parental mice. 
Control animals were offspring that did not inherit the Msx2-cre transgene. 

‘Limb bud analysis. For qRT-PCR, complementary DNA was synthesized and 
tnalysed using an ABI light cycler. For analysis of cell death, embeyos were 
stained with LysoTracker Red (Invitrogen) and sectioned. For each section, 
the LysoTracker-Red-positive and limb bud areas were measured using tools 
in Adobe Photoshop. The A©eis!-negative domain was determined for each 
sample by four independent, blind measurements that were then averaged. 


Full Methods and any associated references are available inthe online version of 
the paper at www :nature.com/nature, 
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METHODS 
Production and analysis of mice. Strategies similar to that used for generating 
the F4:9,17-TKO mutants (Fig. 1b) were used to gencrate animals ofthe other 
‘genotypes used inthis study. For example, to generate F8:9-DKO or F8-KO;F9 

‘offspring, Max2-cre Fl” Fgf8'" mals were crossed with Fg iF" or 
af" females. F4:9-TKO oF F48-DKO:F9”” animals were generated by cross- 
ing Msx2-craFyi" "Fah Fg" males with FIT iAP SFE or 


gf Fgf females, F8-KO and FSiE4-DKO animals were generated as pre~ 
viously desrtbed'". Animals were enotypedby PCR on DNA isolated from head 
‘ortailtisue, using primer pa 


for Max2-cre, Fgftand Fy alleles. For Fy, we 
wild-type allele forward, 5'-GCAAGGGAGGGG- 
., 5/-GAAATCCAGTCCTGCAGTACA 

CTGC-3'; mutant allele forward, 5”-CCTTTETCCCTCICIGICTGCAAC- 
and reverse, 5'-TGIGCTCTAGTAGCTTTACGGAGCC-3". For FxfI7, the pri- 
|ld-type allele forward, '-GAAGTTICTCCAGCGATGGG-5', and 
GACAGCAGAGAATCAATAGCTGC-¥'; mutant allele forward, 
CCATGAGTGAACGAACCTGG-3' and reverse, 5"-TTGGCTTCTCTGGGACT- 
CTACC-3’, Because homozygosity for Fi function causes perinatal lethality, 
we assayed for skeletal pattern at E17.5 by staining cartilage and bone with alcian 
blue and alizarin red, respectively, using standard procedures. Embryos younger 
than E11 were staged by counting somitesas described previously”. Whole-mount 
RNA in situ hybridization was performed according to a standard protocol. 
Limb bud analysis, Limbs for qRT-PCR were dissected and stored at -20°C in 
RNAlater (Qlagen, catalogue number 1017980) until genotyping information 
was obtained, Individual limbs were then homogenized with the rotor-stator 
method and RNA was extracted (RNeasy micro kit, Qiagen, catalogue number 
74004, including the DNase step). Complementary DNA was then synthesized 
(High Capacity cDNA kit, Applied Biosystems, catalogue number 4368814) and 
analysed with an ABI light cycler withthe following primers: cyclophilin fo 
ward, 5'-TGGAGAGCACCAAGACAGACA-3, and reverse, 5G 
TCGACAATGAT3 Ff forward, 5 


‘AA. No-template controls and revere transcriptase negative controls were 
Included to detect contaminating genomic DNA. In addition, we performed 
«control experiments in which we made DNA from 0.5 1, 2 and 4 limb buds 
to confirm that we could detect small diferences in Ff and Shh exprenion. 

Limb buds from embryos suined with LysoTracker Red as previously 
described, were embedded in 4% low-melt agarose and sectioned (25 pa) on 
4 Leia vibrating microtome. Serial transverse sections were collected, cousfer- 
stained with 4,6-diamidino-2-pheaylindole (DAPI), mounted on sliden aad 
photographed on a Zeiss Axiophot Muorescence microscope or a Nikon 
Spectral confocal microscope at the UCSE Nikon Imaging Geiler. For each 
section, the LysoTracker-Red-positive area was measured hy setting ablack/ 
white threshold level inthe image of the li bud in that section and coating 
white piaels inthe mesenchyme. The area was messured-by coating the total 
number of pixels in the image ofthe limb bud. Dataffom eich section were 
summed across the sample (voxels) to obtain the totalanggnt of ell death and 
the size (volume) ofeach limb bud. 


31. Grieshammer, Ue al. FGFS is require for cal surVNal at distinct stages of 
nephrogenesis and for regulation a ge espression mascent nephrons. 
Development ¥32, 3847-3857 (2005). 
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Free choice activates a decision circuit between 


frontal and parietal cortex 


fichard A. Andersen” 


Bijan Pesaran’, Matthew J. Nelson” & 


We often face alternatives that we are free to choose between. 
Planning movements to select an alternative involves several areas 
in frontal and parietal cortex’ that are anatomically connected 
into long-range circuits". These areas must coordinate their acti- 
vity to select a common movement goal, but how neural circuits 
make decisions remains poorly understood. Here we simulta- 
neously record from the dorsal premotor area (PMd) in frontal 
cortex and the parietal reach region (PRR) in parietal cortex to 
investigate neural circuit mechanisms for decision making. We 
find that correlations in spike and local field potential (LEP) acti- 
vity between these areas are greater when monkeys are freely mak- 
ing choices than when they are following instructions. We propose 
that a decision circuit featuring a sub-population of cells in frontal 
and parietal cortex may exchange information to coordinate acti- 
vity between these areas, Cells participating in this decision circuit 
may influence movement choices by providing a common bias to 
the selection of movement goals. 

According to theories of decision making, we make choices)b¥ 
selecting the alternative that is most valuable to us. How much 
we value each alternative is revealed by our choices. If we value 
swimming as much as running, we will choose to do both instead! 
of always choosing one over the other. Although actions with similar 
values can lead to different choices, only one choice cam be made at a 
time, Planning a movement to select an alternativejactivates many 
areas of the brain. How does the brain decide what to doz PMd and 
PRR plan reaching arm movements and are direetly conteected' 
We therefore studied these areas to identify a neural ircuit for decid. 
ing where to reach. We trained two monkeys to-do a fiee search task 
and an instructed search task (Fig13, b). Imboth tasks, monkeys 
made a sequence of reaches to visual targets for rewards of juice. The 
key manipulation was that, in the ftee search task, the three targets 
were visually identical circles, and the tonkey could search in any 
sequence (Fig. 1a); whereas in the instructed search task, the three 
targets were a circle, a square and a triangle, and the monkey had to 
search in a fixed sequence (Fig. 1b). To control other sensory, motor 
and reward-related factors, we carefully matched the two tasks by 
yoking the sequences presented in the instructed task to the monkey's 
choices in the free search task (see Methods, Supplementary Results 
and Supplementary Fig, 

During free search, each monkey's choices varied, even for iden- 
tical stimuli (Fig. 1c). In contrast, instructed search movement 
sequences did not vary (Fig. 1d). Overall, each monkey developed a 
free search strategy and chose between two or three different move- 
‘ment sequences for most search arrays (Supplementary Fig. 3). 

Although the tasks we studied could differ in other aspects, like 
reward expectancy, attention or overall effort, analysis of each ani 
mal’s behaviour indicates that the major difference involves decision 
making (Supplementary Results). Free and instructed search involve 


different decisions because the alternatives have different values. Free 
search involves choosing between movement sequences with similar 
values so choices vary from trial torial (Fig. 1c). Because we reward 
only one movement sequence; instructed search involves alternatives 
with very different values. Consequently, each monkey repeatedly 
makes the same choiées (Fig, 1d). 

When movement choices Vary from trial to trial, PMd and PRR 
must coordinate theirjactivity. Analysing spiking and LFP activity 
may resolve meural Goordination between these areas. Spiking act 
vity measures action potentials from individual neurons. LEP activity 
predominantly measures synaptic potentials in a population of ne 
rons near the recording electrode’. Spike-field coherency directly 
relates these two signals by measuring how well LEP activity is pre- 
dicted By. action potentials. We therefore measured spike-field 
coherency t© characterize neural coordination between PMd and 
PRR and identify the neurons involved in this coordination. 

‘We made 314 PMd spike-PRR field and 187 PRR spike-PM4d field 
secordings in two animals during both free and instructed search 


Free search Instructed soareh 


Ge 


OO 
O08 
OOH 


Figure 1| Task and behaviour. a, Free search task. Three circular targets 
presented at cight potential locations spaced 10° apart around the central 
hand position, H.b, Instructed search task. Targets in the instructed search 
taskwerea circle, squareand triangle; the monkey had to reach to them in that 
order. Each target had an equal, one-third, probability of being the rewarded 
target. ¢, The most frequent movement sequences made in response to an 
ccxample configuration during the frce search task. The same configuration 
clicits three different sequences. 4, Instructed search configurations elicit the 
same sequence. Probability is hhown above each arrow. 
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tasks (Supplementary Materials). We estimated spike-field cohe- 
rency between spiking in PMd and LEP activity in PRR using 
a +150 ms analysis window that was stepped through the trial eve 
10 ms from before the onset of the search array to the time of the fir 
reach, A highly significant, transient increase in 15-Hz coherence 
afier search array onset was clearly present, as illustrated in an 
example recording in Fig. 2a. Coherence was significant during both 
tasks but stronger during free search (Fig. 2b; P<0.05, t-test). 
Coherence between spiking in PRR and LFP activity in PMd revealed 
a similar pattern (Fig. 2c, d). In this recording, coherence was only 
significant during free search and not during instructed search 
(Fig. 24), 

ificant coherence at 15 Hz implies that the timing of action 
potentials is correlated with fluctuations in LFP activity. Analysing 
the relative phase of activity in PMd and PRR supported this and 
revealed correlations in the timing of activity in each area that were 
not simply time-locked to search array onset (see Supplementary 
Results and Supplementary Fig. 4). Interestingly, the amplitude of 
spike and LEP activity, as opposed to their relative timing, did not 
predict PMd-PRR coherence. We correlated the strength of the 
coherence immediately after search array onset with LFP power 
and did not observe a significant correlation (P= 0.45; F-test). 
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Figure 2 | PMd-PRR spike-field coherence. a, b, Example PMd spike-PRR 
field coherence: a, Time-frequency coherence every 50 ms during free and 
instructed search. Amplitude is colour coded. Activity is aligned to search 
array onset (first vertical white bar). Average time ofthe first reach (second 
vertical white bar). White horizontal bar shows analysis window for 

bb, Coherence line plot for free (black) and instructed (red) search tasks. 
Coherence is = transformed. Significant difference at 15 Hz (**P < 0.05; 
Hest). €,d, Example PRR spike-PMd field coherence. e, Population average 
15 Hz PMd-PRR spiike-field coherence every 10 ms. PMd spike-PRR field 
coherence (solid); PRR spike-PMd field coherence (dashed). Free search 
(black); instructed search (red). Coherence is = transformed before 
averaging; 95% confidence intervals, Bonferroni-corrected (shaded). 
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‘Table 1 | Population PMd spike-PRR field coherence 
Centre-out 
a/R 0%) 


Free or insteucted 
74/314 GA) 
Instructed only 


20/74 2736) 


Free and instructed 


22/74 (2%) 


Free only 


31/74 2%) 


Linear regression of spike-field coherence against the change in firing 
rate immediately after search array onset also revealed that coherence 
was not simply related to the firing rate (7° = 0,06, P= 0,14), Cells 
with an increase in firing rate generally had the greatest coherence, 
However, coherence also increased for some cells whose firing rate 
decreased or did not change. 

Spike-field correlations were present only between select pairs of 
recording sites, Across the population, 74 PMd spike-PRR field 
recordings (74/314, 24%) contained statistically significant coher- 
ence at 15 Hz after search array onset during either task (P< 0.05; 
‘Mest; Table 1). A similar proportion of PRR spike-PMd field record- 
ings were significant (43/187, 23%; P< 0,05; Table 2), In both cases, 
spike-field coherence was most prevalent during free search. The 
fraction of correlated recordings significantly increased between sites 
with overlapping (less than) 20") response fields (P< 0.05; binomial 
test; 54% of PMd spike-PRR field recordings, 45% of PRR spike- 
PMd field recordings). 

To test whether spike-field coherence between PMd and PRR is 
specific to decision making, we measured coherence during two con: 
trol experiments: First, we measured spike-field coherence during a 
single-target centre-out task, instructing monkeys to move toa single 
peripheral target, In this task, there was no choice between targets, The 
proportions of recordings with significant spike-field coherence fell 
dramatically (Tables 1 and 2), Only 10% (23/221) of PMd spike-PRR 
field retordings and 9% (13/138) of PRR spike-PM¢ field recordings 
had significant coherence. Second, during both search tasks, we found 
that saccades are reliably made after search array onset (see Supple 
mentary Results). To test whether spike-field coherence was due to 
these eye movements, we measured coherence in one animal during a 
variant of the search tasks that involved enforced fixation. Even during 
fixation, spike-field coherence was significant after search array onset 
and was strongest during free search (Supplementary Results, Supple 
mentary Fig. 5 and Supplementary Tables 1 and 2). The population 
average spike-field coherence across all cells recorded during each task 
reinforced the selectivity for the search tasks (Supplementary Fig. 6). 
‘These control experiments demonstrate that spike-field coherence 
between PMd and PRR is associated with making a decision. 

LEP activity was not only correlated with spiking activity in the 
‘other area. Within-area spike-field coherence was also significant 
(Supplementary Results and Supplementary Figs 7 and 8). Because 
spiking was coherent with locally recorded LFP activity, correlations 
in LEP activity between areas may capture the correlation we observe. 
Partial spike-field coherence analysis" addresses this concern 
(Supplementary Methodsand Supplementary Fig. 9).In each example 
recording, partial spike-field coherence remained significant after 
accounting for local LFP activity (P< 0.05, t-test). Significant partial 
spike-field coherence was also present across the population (74% of 
PMd spike-PRR field partial coherence and 70% of PRR spike-PMd 
field partial coherence; see Supplementary Results). Therefore, spike- 
field coherence between PMd and PRR directly relates the activity of 
individual neurons with distant LEP activity. 


‘Table 2 | Population PRR spike-PMd field coherence 


Centre-out Free or instructed 
13/138 43/187 (23%) 
Freeonly Instructed only Free and instructed 
Bias (49%) 12/43(28%) 9/43 (21%) 
407 
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Spike-field coherence gives two independent measures ofthe neur 
onal coordination between PRR and PMd. This may indicate how 
activity flows across the circuit. We estimated the population average 
coherence for each of the populations that showed coherenceat 15 Hz 
in either search task and compared them (Fig. 2e). Across each popu- 
lation, PMd-PRR spike-field z-score coherence (see Supplementary 
Methods) was stronger during free search than instructed search 
(P<0.01, Bonferroni-corrected t-test). Importantly, PMd spike 
PRR field coherence started about 30:ms earlier than PRR spike 
PM4d field coherence. 

‘Assuming that LEP activity is predominantly synaptic, this sug 
gests that PMd is activated before PRR during search and that PMd 
spiking is reflected in PRR LEP activity before PRR spiking is reflected 
in PMd LEP activity (see Supplementary Discussion). The activity is 
at a relatively low frequency, about 15 Hz, and is transient, about 
350s, Our time resolution is limited, but the correlation can 
involve only a few 15-Hz cycles. Because action potentials are pro. 
pagated between areas, one attractive possibility is that spike-field 
coherence measures signals in a sub-population of neurons that 
travel across this circuit first from PMd to PRR and then back from 
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Figure 3 | Spike response latencies. a, Example PMd neuron response to 
frce search (black) and instructed search (red). Activity is aligned to search 
array onset. Movement tothe cell’s preferred direction. b, Example PRR 
neuron. e, Population average PMd spike response for cells. Activity is 
baseline subtracted; seam. (shaded). d, Population average PRR spike 
response. e, Population average PRR and PMd spike respoases during 
centre-out task to the preferred direction. f, Population tesponsc latencies 
for PMd and PRR during frce search, instructed search and the centre-out 
task. Error bars, 95% confidence intervals. 
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PRR to PMd in a *handshake’. Consistent with this possibility, the 
30ms latency between the spike-field coherence measurements 
(Fig. 2e) is a half-eycle at 15 Hz. 

PMd and PRR spiking activity lets us examine when each area 
becomes active. We recorded 115 PMd and 39 PRR neurons respon- 
sive to search array onset to measure response latency in each area, 
PMA spiking responded significantly earlier than PRR spiking in both 
search tasks (PMd instructed search, 64 * 6 ms (mean * s.e.m.); free 
search, 79 = Sms. PRR instructed search, 90 + 10 ms; free search, 
109 = 11 ms; Fig. 3). We then estimated response latency for 110 
PMd neurons and 120 PRR neurons recorded in both animals during 
the centre-out task. PRR cue response latencies were significantly 
shorter in this task than in either of the search tasks (P < 0.05; per- 
mutation test); and PMd and PRR response latencies did not differ 
(PMd, 63 = 5ms; PRR, 70 + 6ms; P= 0.51, Wilcoxon te: 

This suggests that the response latency difference between PRR and 
PMGd is specific to making a decision. 

Because spike-field correlations are strongest during decision 
making, the sub-population of coherent neurons may encode the 
‘upcoming movement choices If so, cells with significant spike-field 
correlations should predict theamovement choice earlier than cells 
that do not. We analysed this with a receiver-operating characteristic 
of the firing rate during free search (Supplementary Methods). We 
calculated the average ehoice probability separately for correlated 
and uncorrelated PRR and PMd neurons, In both areas, correlated 
neurons predict the movement choice after search array onset during 
the period of greatest spike-field coherence (Fig. 4a, b; see also 
Fig. 2). Later.in the trial, uncorrelated cells predict the movement 
choice as accurately as correlated cells. Neurons with long-range 
cofrelations may, therefore, exchange information about movement 
choice between PMd and PRR. 

In stimmary, correlations between PMd and PRR are activated by 
decision making. Coherence is strongest during free search and is 
weaker during instructed search. Far less coherence is present during 
‘simpler centre-out task, and the pattern of coherence is unaffected 
by freely made eye movements. This shows that decision making is 
distributed across  frontal-parietal circuit and that top-down signals 
from PMd influence decisions in this circuit. 

Why is coherence stronger during free search? This could be due to 
the nature of the decision. Choices were variable during free search, 
In contrast, the same choices were made repeatedly during instructed 
search (Fig. 1). Decision making can be modelled by races underlying 
the selection of each alternative". These races must be closer during 
free search because choices are more variable, Therefore, the di 
ficulty of the decision may underlie coherence between PMd and 
PRR. Cognitive control mechanisms are activated to select between 
alternative actions. Prefrontal, medial frontal and cingulate cortex 
are involved in these mechanisms'** and could modulate frontal 
parietal coherence during decision making. 


Pd spiking PAR spiking 


‘spike-field coherence. 2, Population average choice probability for 
correlated (solid) and uncorrelated (dashed) PMd neurons; 95% confidence 
intervals (shaded). b, Same for PRR neurons. 
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During search, the flow of activity across frontal and parietal 
cortex may reflect the process of deciding. Information rises fastest 
in PMd (Fig. 31), so it cannot be driven by PRR'* and must take 
alternative routes, possibly through the thalamus". Information 
may go from frontal to parietal cortex and then back in a 
handshake’ of increased communication (Fig. 2e) that reflects the 
decision, This transient coordination may reflect how long the 
decision takes, Subsequent activity may reflect movement planning 
after the decision (see Supplementary Discussion). Oscillations and 
synchronization in frontal and parietal cortex exist during attention 
and movement preparation‘. Correlations at specific frequencies 
could bea signature of these cognitive processes”. We have identified 
a decision circuit in which frontal-parietal communication occurs at 
relatively low frequencies. The neurons participating in this circuit 
could play an important role in deciding where to reach. 


METHODS SUMMARY 
‘Two male thesus monkeys (Macacw mulatta) participated in the experiments. 
We recorded single-unit and LEP activity from PMd and PRR using Pur elec- 
{odes controlled by multiple-electrode mictodrives (Thomas Recordings). Each 
‘monkey was tained to perform a reach search for juice rewards either by freely 
‘making choices or by following instructions, Correlations between spiking and 
LEP activity within and between PMd and PRR were estimated using mubtitaper 
spectral methods", All surgical and animal care procedures were done 

sccordance with National Institutes of Health guidelines and were approved 
by the California Institute of Techaology Animal Care and Use Committee. 


Full Methods and any associated references are available inthe online version of 
the paper at wivw:nature-com/nature, 
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METHODS 
Experimental preparation. Two male chesus monkeys (Macaca mulatta) pari- 
cipated inthe experiments. Each animal was fst implanted with ahead capand 
eye col under general anaesthesia. In second surgery, recording chamnbers were 
implanted in frontal and posterior parietal corti the right hemisphere ofeach 
animal, Structural magnetic resonance imaging ieatfied the position of the 
arcuate sulcus and intraparistal suleus and guided placement of the recording 
chambers to give access to cortex medial to each suleus. tu both anionals, PMA 
recordings were made within the cortical gyrus within 1.5 mm of the cortical 
surface, and PRR recordings were made within the inteaparieal sulcus 4-9 mm 
below the cortical surface. 

Behavioural tasks. For al tasks, reaches were made with theleft arm on touch 
sensitive screen (ELO Touch Systems). Visual stimuli wee presented on an LCD 
display (1G Electronics) placed behind the touch sreen.Alltrials began with the 
iumination ofa central circle which the animal needed to roach with his hand 
and hold fora baseline pesiod (about 300 ms), 

tn the search tasks after a baseline hold period (0-5-1), three targets were 
presented ona 3 * 3 grid spaced 10°) of eight possiblelocations around the start 
Point, After delay period (1-15 ) the monkey was given a'go'signalto reach to 
one of the three targets. Only one ofthe thre targets triggered juice reward 
when touched. Ifthe monkey did not reach tothe target that gave the reward; he 
was allowed to make additional reaches to targets after subsequent hold periods 
(045-18), Additional reaches wer allowed until the reward was received. Targets 
were extinguished once they were touched. An auditory tone signalled the "go" 
signal for each reach. A different set of three targets from the eight possible 
locations appeared for each trial, and the target that gave the reward vas chosen 
from these three targets with equal probability. Ths stimulus-reward config- 
uration set ensured thatthe monkey did not repeatedly perform the same sereo~ 
typed sequence of movements. Ths elicited choices by releasing constraints 
instead of intensively teaning the subject to overcome biases and avoid stereo 
typed choices, ifthe animal reached forthe weong shape in the instructed search 
task, the trial was aborted. The animal first knew it was in a fee search of 
instructed seatch teal when the search array was illuminated. 

‘The free and instructed search tasks were yoked in an interleaved design to 
match the sentory-, motor- and reward-related contingencies. We did this by 
requiring the monkey to perform an inital set offre search teas in a block 
(typically 50). The search areay configurations were selected at random fom the 
set of 56 posible configutations. We counted the number of times each acérch 
Aeray configuration was presented and the number of times each posable move 
ment sequence was made during the fice search task. Afler the initial et of fee 
search trials was performed, we began to randomly itceleave instcyetdlacarch 
teal Dueing this phase ofthe session, the probability of «given trial beng afer 
search or instructed search task was halanced so that after 200 total tas an equ 
numberof trials from each task would be successfully completed. Search arcay 
«configurations forthe fee search task contiowed to be selected at fandom. Search 
tray configurations forthe instructed search tak were dea foen the prob 
silty distebution defined by the set of search configurations presented in 
the preceding fre search trials that were suesessfullyeompleted, To match the 
rotor contingencies in the instructed search teal to he free arch tril, the 
tnder ofthe movement sequcaces instructed by the search seray was dean fom 
4 probability distribution defined by these of movement choices made fa the 
preceding fee seatch tral. To reduce the oumbce of tls needed to estimate 
these movement sequcnce probabilities and ta prevent the generation of sterco- 
typed movement sequences, we matched way thes clement ofthe instructed 
movement sequence withthe monkey's choices and allowed potential mismatch 
for the second and hed elements ofthe instructed movement sequence. All 
probability distributions were updated ater each successful trial Eye move 
iments were unconstrained and, om a subset of experimental yessions (53 sesions 
in monkey E, 15 sessions in monkey 2), were monitored using a scleral search 
evil (CNC Engineering). 

‘A variant of the scazch tasks with enforced Fixation was alia tested in one 
animal (monkey ). In this variant, the seach tasks were identical except that the 
monkey nceded to maintain fixation a the curren touch location throughout 
the tral. Asa zsul, the only eye movements that were allowed were made a the 
time of teach movement 

In the centre-out task single tunget was presented at one of eight peripheral 
locationson a3 © 3 grid (spaced 10°) around the start point. Alters delay peciod 
(1-1.5s) the monkey reached for the target and wa then given juice reward. 
Fixation ws enforced during the peti aftr acquisition ofthe start point until 
the end of the delay period. At this time, gaze was unconstrained and both 
monkeys made a coordinated saccade to the target ofthe reach movement. 
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Vascular normalization in Rgs5-deficient tumours 
promotes immune destruction 


Juliana Hamzah', Manfred Jugold’, Fabian Kiessling’, Paul 


igby’, Mitali Manzur', Hugo H. Marti®, Tamer Rabie’, 


Sylvia Kaden’, Hermann-Josef Gréne’, Ginter J. Hammerling’, Bernd Arnold’ & Ruth Ganss' 


‘The vasculature of solid tumours is morphologically aberrant and 
characterized by dilated and fragile vessels, intensive vessel 
sprouting and loss of hierarchical architecture’. Constant vessel 
remodelling leads to spontaneous haemorrhages* and increased 
interstitial fluid pressure in the tumour environment 
‘Tumour-related angiogenesis supports tumour growth and is also 
4 major obstacle for successful immune therapy as it prevents 
migration of immune effector cells into established tumour pat 
enchyma”**, The molecular mechanisms for these angiogenic 
alterations are largely unknown, Here we identify regulator of 
G-protein signalling 5 (Rgs5) as a master gene responsible for 
the abnormal tumour vascular morphology in mice. Loss of 
Rgs5 results in pericyte maturation, vascular normalization and 
consequent marked reductions in tumour hypoxia and vessel 
leakiness. These vascular and intratumoral changes enhance 
influx of immune effector cells into tumour parenchyma and 
markedly prolong survival of tumour-bearing mice, This is the 
first demonstration, to our knowledge, of reduced tumour angio- 
genesis and improved immune therapeutic outcome on loss of 
vascular gene function and establishes a previously unrecognized 
role of G-protein signalling in tumour angiogenesis. 

During tumour-induced angiogenesis, the two impoFfinbyasculat 
cell types, endothelial cells and surrounding pericytes, develop mut: 
tiple morphological and architectural abnormalities as well as 
altered expression of marker proteins”. Using the RIP-Tag mouse 
model of pancreatic islet carcinogenesis (SW40 argé T antigen 
expressed under the control of the rat insulin gene (1ns2) promoter), 
wwe have recently observed that Ress is overexpressed in the aberrant 
tumour vasculature’ 

Rgss is expressed by pericytes tithe vascular bed and is the first 
marker for a subgroup of platelet-derived growth factor receptor fi 
(PDGERP)* progenitor perivascular cells) that regulate vascular 
survival in tumours’. RGS molecules are a family of biochemically 
well-characterized molecules that inhibit signalling from G-protein- 
coupled receptors by stimulating the intrinsic GTPase activity of 
activated Ga proteins". However, their function in vivo is largely 
unknown, Rgs5 is constitutively expressed in a variety of organs, 
especially brain, heart, aorta, skeletal muscle, liver and kidney, and 
is also upregulated in RIP1-Tag5 tumour vessels". 

To study the role of RGSS in tumour angiogenesis and vascular 
normalization, we generated RgsS-deficient mice by crossing recom- 
binant mice harbouring a loxP-flanked Rgs5 exon 1 with Cre-deleter 
mice. On exon 1 deletion, RgsS expression is absent in heart, kidney, 
brain, lung and liver (Fig. 1a, b). Rgs5-deficient mice develop norm- 
ally and present with no gross histological abnormalities. ResS 
mice were intercrossed with transgenic RIPI-TagS mice to assess 


survival and intratumoral characteristics (Supplementary Fig. 1). 
RIPI-Tags mice develop tumoursiin a well-characterized sequence 
of events from normal Tag’ islets to hyperplastic and angiogenic 
islets, and eventually form instlinomas, which cause premature 
death due to hypoglycaemia, Early tumorigenesis is unchanged in 
the Rgs5'~ background, as documented by a comparable number of 
angiogenic islets per mouse (Fig. 1c). At later tumour stages, the 
Res5-deficient background enhances tumour growth, ax shown by 
an increase in overall tumour burden over age and premature death 
caused by hypoglycaemia (Fig. 1d). This is in agreement with the 
reduced stityival of RysS-deficient RIP1-Tag5 mice compared to 
RIPL-Tags wild-type mice (P< 0.0001; range, 27 +3 weeks for 
RIPL-Tags x Rgs5-/~, 30 + 3 weeks for RIPI-Tag5; Fig, Le) 

‘To.assess tumour vascular morphology, insulinomas in RIP1-Tags 
wild-type or Rgs5-deficient RIP1-Tags mice at 27 weeks of age were 
visualized after lectin perfusion using confocal microscopy 
(Fig. 2a-c). Notably, the vascular network in Rgs5~'~ insulinomas 
resembles normal vessels with regard to vessel diameters and distri: 
bution (for overview, see Supplementary Fig. 2). This is in contrast 
‘ith insulinomas in wild-type mice, which display a chaotic vascular 
architecture with large vessels adjacent to small vessels and a hetero: 
geneous vessel density. This finding demonstrates that loss of Ress 
expression results in vessel normalization. 

Because vascular Rgs5 expression is restricted to pericytes, we 
hypothesized that pericyte maturation, abundance and/or attach: 
ment along the vessel wall is intimately associated with the observed 
vascular normalization. Pericyte coverage and association with 
endothelial cells were unchanged in  RgsS-deficient tumours 
(Supplementary Fig. 3). However, pericyte phenotypes differed 
between wild-type and ResS-deficient tumours. In RIP-Tag wild-type 
tumours, most pericytes are positive for both PDGFRP and Rgss, 
representing immature progenitor cells with the potential to differ: 
entiate into mature pericytes in vitro. A smaller subpopulation of 
‘mature pericytes that are immunoreactive for NG2 (also known as 
sped), desmin and 2SMA (also known as Acta2) is also found in 
these tumours". By contrast, Rgs5-deficient tumour pericytes in age- 
and size-matched tumour samples predominantly express SMA and 
also NG2—recognized markers of maturity" (Fig. 2d, e). These data 
indicate that in the absence of Rgs5, tumour pericytes are of a more 
‘mature phenotype. 

Diverse functions have been described for pericytes, ranging from 
haemodynamic regulation to vessel stability and permeability", 
Because ResS-deficient mice display notably improved vascular 
integrity and maturity, we reasoned that concomitant changes in 
the tumour microenvironment were also likely. Interestingly, RgsS 
expression has been shown to be increased under hydrostatic 
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pressure in vitro, underscoring a direct correlation between angio. 
genesis, intratumoral hydrostatic pressure and Ry 
found oxygen supply to be improved in Rg 
pared to wild-type tumours, as demonstrated by a reduced tumour 
hypoxia; this was visualized by the formation of pimonidazole 
adducts (Fig. 3a). This finding may contribute to a growth advantage 
for Rgs5-deficient tumours, resulting in poorer survival (Fig. le 
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Figure 1 | Establishment of Rgs5~/~ mice. a, Res5 exon 1 was flanked with 
loxP sites, and a neomycin (neo) cassette was introduced into intron 1 and 
flanked by fp sites for removal after the selection process. Spel restriction 
sites are shown. b, Left: Southern blot analysis of Spel-digested tail DNA 
derived from F, offspringafte crossbreeding with Cre-deleter(CreDel) mice 
and wild-type controls. Right: PCR with reverse transcription (RT-PCR) 
analysis of organs from a Rgs5”/* and a Rgs5-/~ mouse. Hprt!, 
hypoxanthine phosphoribosyltransferase.c, The numberof angiogenic islets 
in 18-week-old wild-type (grey bar) and RgsS-deficient (white bar) RIP 
‘TagS mice (n= 10). Error bars represent s.e.m. é, Tumour burden in wild 
type (open squares) and RgsS-deficient (open circles) mice at the age of 

25 and 28 weeks (n = 10; range: ResS"!”, 41-87 mm’, 53-108 mm", 
32mm’, respectively; Rgs5/, 35-128 mm", 63-135 mm" and 
166 mm, respectively) e, Kaplan-Meier survival analysis of RIPI-Tag5 
wild-type (+/+, open squares, n = 82) and RIPI-Tags * Ress 

(open circles, n = 82, P<0.0001). 
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To evaluate further the physiological impact of vascular matura 
tion, we compared vascular permeability of wild-type and Rgs5 

tumours using dynamic contrast-enhanced magnetic resonance 
imaging (MRI) on 27-week-old mice. Notably, normalized tumour 
bility for 
the contrast agent compared to wild-type RIPI-Tags tumours 
b, P = 0.008). These are the first functional data demonstrating 
reduced leakiness of angiogenic vessels on loss of gene function 
Thus, absence of Rgs5 results in a reduced number of 


vessels in RgsS~/~ mice showed a 50% reduction in perm: 
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Figure 2 | Vascular normalization in RgsS-deficient tumours. a, Confocal 
images of lectin-perfused vessels in RIPI-Tags wild-type (+/+, = 12) and. 
RgsS-deficient (—/—, = 15) size-matched tumours (40-65 mm’), and C3H 
controls (pancreas; = 10). Arrowheads point ata vessel with small caliter 
next toa vessel with large caliber (arrows). For these images, a 
was used; scale bar, 50m. b, Mean vessel diameters were quantified from 
wild-type (+ ), size-matched tumours and CH 
pancreatic tissue (C3H; 5 fields per tumour, 15 tumours, *P = 0.0009). 
«, Vessel density within randomly selected fields excluding the tumour 
periphery (5 fields per tumour, | P< 0,0001). d, Confocal 
images from wild-type (+/+) and RgsS-deficient (~/ 
anti-aSMA (green, upper panels) and anti-PDGFRS: (green, lower panels). 
Endothelial cells (EC) were stained with anti-CD31 (red). For these images, 
X60 objective was used; scale bar, 20 um. e, Quantitative increase of the 
number of 2SMA-, desmin-, NG2- and PDGERP-positive pericytes in wild 
type (+/+, grey bars) and Res5-deficient (~/~, white bars) mice. The ratio 
of total area of green staining (pericyte markers) to red staining (EC) is 
ded (5 fields per tumour, 15 tumours, *P = 0.0001, **P = 0,002, 
;P = 0,001). All error bars represent s.¢-m. 


«20 objective 


+) oF Res5-deficient (—/ 


tumours, 
) mice, labelled with, 


an 


(©2008 Nature Publishing Group 


LETTERS 


enlarged tumour vessels, increased oxygen supply to the tumour 
parenchyma and decreased tumour vascular permeability. These 
key findings were reproduced in a fibrosarcoma transplantation 
model (AGIO4A) that was subcutaneously grown in Rgs5-deficient 
mice (Supplementary Fig. 4). Rgs5 is also a marker for developing 
pericytes in the brain", and its expression persists in adult brain 
vessels. We therefore investigated the role of RGSS in the ba 
function of brain capillaries during ischaemia. Interestingly, brain 
oedema after transient cerebral ischaemia was significantly reduced 
in Rgs5-deficient mice, demonstrating decreased permeability for 
plasma molecules in brain capillaries (Supplementary Table 1), and 
strongly supports our intratumoral findings (Fig. 31 

‘Our previous work on RIPI-Tag3 tumour immunity showed a 
strong correlation between vascular remodelling induced by intra: 
tumoral inflammation and lymphocyte influx™'**. However, we did 
not know whether lymphocyte migration into tumour parenchyma 
was enhanced by vessel remodelling or by an ongoing local immune 
response. We sought to address this question by adoptively transfer 
ring ex vivo activated H-2*restricted anti-Tag CD4” and CD8* T 
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Figure 3 | Improved oxygenation and reduced vessel leakiness in RgsS~/ 
tumours. 2, Hypoxia in 27-week-old RIPI-TagS (+/+) and RIPL 

‘Tag x ResS-/” (~/—) mice (n= 20 tumours, size matched, range of 
40-65 mm’, P< 0.0001). For these images, a 20 objective was used; seale 
bar, 50m. Error bars represent s..m. , Photographs represent TI-weighted 
(Tiw; post CM, post contrast media) MRI images and the corresponding 
colour-coated parameter maps of the exchange rate constant ka» (indicating 
vessel permeability), and T2-weighted MRI images of RIPI-Tags wild-type 
(41+, upper panel) and RIPL-Tags * Res” (~/—, lower panel) mice 
recorded with a 1.5tesla(T) whole-body MR scanner in combination with a 
small animal coil. Arrows indicate location of tumours. BO, bowel; K, kidney: 
M, dorsal muscle; SP, spine. Graphs represent quantitative analyses of MRI 
studies (one-sided t-test): ka exchange rate constant; A, amplitude indicating 
relative blood volume (n = 10, *P = 0.008). Error bars represent s.d. 
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cells into 27-week-old tumour-bearing RIP1-Tags x gs! 
bred into the C3H background (H-2"). Seven days after transfer (the 
peak of pre-activated Tag-specific T cell proliferation in vivo"), 
tumours were harvested and analysed. Untreated tumours in wild. 
type RIPI-Tags mice did not show a spontaneous T-cell infiltrate; by 
contrast, Rgs5-deficient mice consistently displayed a higher degree 
of spontancous T-cell infiltration, although this did not reach stat 
istical significance (Fig. 4a and Supplementary Fig. 5). Vessel wall 
inflammation or upregulation of cytokines and chemokines in 
untreated RgsS~'~ tumours were not observed, However, after 
adoptive transfer (total of 5x10" CD4* and CD8* T cells), 
tumours in the Rgs5-deficient mice were massively infiltrated by 
CD8* and CD4* T cells, whereas wild-type RIPI-Tags tumours 
showed no significant increase in infiltrating lymphocytes (Fig, 4a 
and Supplementary Fig. 5). Thus, Rgs5 loss in angiogenic blood 
vessels ‘opens’ tumours for immune cell penetration—a very not 
able finding further substantiated by impressive survival in sub. 
sequent studies, 

Cohorts of wild-type! and "RgsS-deficient RIP1-Tags 
(23 weeks old withysignificant tumour burdens; average range, 50- 
120 mm”) were adoptively transferred with in vitro activated CD4* 
and CD8* anti-Tag’T cells in two-week intervals, In parallel, equal 
numbers of non-specifically (concanavalin A, ConA) activated or 
e T cells from C3H control mice were transferred. As previously 
adoptive transfer of activated, Tag-specific, naive or ConA 
activated lymphocytes alone does not confer a survival advantage to 
RIPL-Tag5 mice'*y with the mice succumbing to insulinomas at 
192 and 29+ 3 weeks of age, respectively (Fig. 4b-d). 
; RIPL Tags x Ress recipients showed substantially 
ged survival after the transfer of pre-activated, Tag-specific 
Tells (age 41 + 7 weeks, P = 0.0004; the experiment was terminated 
when'surviving mice reached 48 weeks), correlating with the marked 
achymal influx of anti-Tag immune cells (Fig. 4a), although 
fusions were required owing to their limited life 
flammatory tumour environment. This survival 


tigen-specific and requires activated anti: 


or naive lymphocytes (survival: 28 3 and 27 + 3 weeks, 
respectively, Fig. 4c, d). Similarly, Rgs5-deficient mice are highly 
4727 
weeks); in contrast, vaccination strat 


responsive to therapeutic anti-Tag vaccination (survival: 
‘weeks, P< 0.0001, started at 

egies in wild-type RIP1-Tags mice are only successful in an early 
prophylactic setting before tumour development (starting at week 6, 
ref. 20), and fail later, when highly vascularized tumours are esta 
blished (Fig. 4e and Supplementary Fig. 6). 

The present study identifies RGSS asa key regulator controlling the 
aberrant morphology of the tumour vasculature. Moreover, our 
results demonstrate the highly dynamic and reversible nature of 
tumour a 
morphological and physiological changes in the tumour vasculature 
and microenvironment. Importantly 
angiogenic activity and notably improves the outcome of specific 
therapeutic interventions. 

This study has some overlapping features with anti-angiogenesis 
therapy in relation to vessel diameters and alleviation of hypoxia. 
Blocking vascular endothelial growth factor (VEGF) signalling in 
‘tumours has been shown to create a ‘vascular normalization window’ 
that decreases interstitial pressure and enhances tumour oxygenation 
and the therapeutic response to cytotoxic drugs and/or radiation in 
mouse and human cancers*'**. Rgs5 deficiency is, however, clearly 
distinct with regard to vessel density and results in changes to intra 
tumoral pericyte phenotype rather than pericyte coverage”. 
Furthermore, we show for the first time, to our knowledge, an asso 
Giation between vessel normalization in the absence of Res5 and an 
increased anti-tumour immune response. Whereas VEGF-blocking 
therapies clearly enhance drug efficacy, correlating with changes in 
vascular morphology, pericyte maturation shown in this study may 


ogenesis. Loss of Rgs5 gene function induces notable 


deficiency of Rgs5 reduces 
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Figure 4 | Immune-mediated tumour rejection after vascular 
Spontaneous infiltration of CDS" immune cells measured 
Tags wild-type (+/+) and RexS-deficient 


transfer into 27-week-old RIPI-Tag5 wild-type and Rgs5~'~ mice (middle 
images) and corresponding anti-Tag tumour staining (lower images). For 
these images, a % 10 objective was used: scale bar, 100 jm, The graph shows 
‘quantification of CD8" lymphocytic infiltration in size-matched RIPL-Tags 
wild-type (grey bars) and RgsS-deficient (white bars) {umouts without 
treatment and after adoptive transfer (5 fields per tumour. n ~ 15 tumours, 


also contribute to the anti-tumourseffects by direetly influencing 
Jeukocyte attachment and transmigration iito tumour parenchyma. 
‘There is emerging evidence that resistance develops to anti-VEGF/ 
VEGF receptor therapies, and that fe-growth of treated tumours may 
occur due to compensation by other pro-angiogenic factors. Here 
‘we provide novel mechanistic insights into reversing tumour angio- 
genesis independently of anti-angiogenic drugs by targeting 
G-protein signalling. Studies are under way to elucidate pathways 
regulated by RGSS in tumour pericytes for pharmacotherapeutic 
intervention in combination with immune therapy. Recognition that 
RGSS is a broadly expressed tumour antigen” and is also vessel- 
associated in numerous tumours (for example, astrocytomas and 
insulinomas', renal cell carcinoma” and hepatocellular carcinoma”) 
confirms its general importance in tumorigenesis and expands poten- 
tial therapeutic opportunities. 


METHODS SUMMARY 
RgsS-deticient mice were established by removing exon 1. Rg: 
crombred with RIPI-TagS, SV40 large T antigen transgenic mice on a C3H 
background, Angiogenic islets and tumours were isolated from pancreatic tissue. 
Confocal microscopy was performed on lectin-perfused, allamin/gelatine- 
embedded, vibrotame-dissected tissue to assess vascular density and vessel dia- 
‘meters. Anti-aSMA, anti-PDGERP, anti-NG2 and anti-desmin histology was 
used to assess pericyte maturation. Hyparcia in islet tumours was detected by 
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*P < 0.0001), Error bars represent s.m, b-d, Kaplan-Meier-survival 
studies on RIPI-TagS wild-type (RgxS"”", open squares, n = 10-16) and 
RIPL-Tags * Res mice (RgsS-”, open circles, n= 12-16) treated with: 
b, pre-activated anti-Tag T cells (logrank test, P = 0.0004); ¢ non-specific 
‘ConA-activated T cells (P = 0.27); 0rd, naive T cells from C3H mice 

(P= 0.24), Treatment start, 28 weeks: untreated controls are shown in 

Fig. 1. ¢, Survival of RIP1-Tag5 wild-type (open square, m = 16) and ResS- 
deficient (open circle, n = 16) mice after vaccination with Tag and CpG- 
ODN 1668, P< 0.0001. Treatment start: 23 weeks. 


the formation of pimonidazole adducts after the injection of pimonidazole 
hydrochloride compound into tumour-beating mice, MRI was performed using 
411.5 tesla whole-body MB-scanner (Siemens Symphony) in combination with a 
‘custom-made radio-frequency coil for excitation and signal reception 10 assay 
‘vascalar eakiness. Anti-Tag, CD4” and CDA” transgenic T cells were used for 
adoptive transfers to evaluate lymphocyte access into tumours. Vaccination 
studies were performed using 30 ug of Tag protein mixed with 50 ug of CpG- 
oligodeoxynucleotide (ODN) 1664. 


Full Methods and any associated references are avallable n the online version of 
the paper at wiew nature.com/nature. 
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METHODS 
‘Mice and cells lines, RIP1-Tag5 mice (om a C3H background, provided by D. 
Hanahan) express the oncogene Tag under the control ofthe ra insulin gene 
promoter (RIP) in pancreatic cells, and develop spontaneous tumours. 1 
RIPL-TagS mice, Tag is expressed in adult mice at around week 8 10 10. 
Kaockout mice were generated on a mized (129 X C57BL/6) background and 
subsequently crossed with RIPI-Tag5/C3H mice for 8 generations. Although 
crossings continued up to generation 12, mice from generation 8 onwards 
(RIPL-Tags x Ress") were intercrossed with Rps5”’~ littermates to obtain 
larger cohorts of RIP1-Tag5 wild-type (+/+) and RysS-deficient (~/—) RIP 
"Tags mice. For adoptive transfer experiments mice transgenic fora T-cell ecep- 
tor (TCR) that recognizes Tag presented by the MHC class ! molecule H-2K* 
{referred to as TCRCDS, provided by T. Geiger and R. Flavell) or by the MHC 
class It molecule 1-A (TagTCR1, provided by f. Forster} were used on a C3H 
background as previously described”, All experimental protocols were approved 
by the Animal Welfare Board of the Regierungsprasdium Karlsruhe, Germany, 
orthe Animal Ethics Committceof the University of Western Australia. AGIOSA 
cell, a spontaneous fibrosarcoma of C3H mice (provided by H. Schreiber), were 
injected subcutaneously (5 X 10° cells) into C3H or ResS-deficieat C3H mice. 
Determination of the number of angiogenic islets and tumour burden. 
Angiogenic islets were isolated by retrograde perfusion afer collagenase diges- 
tion. Islets with visible haemorrhaging were counted as angiogenic islets unde 
dissecting microscope. Tumours were microdissected from freshly excised 
pancreata, Tumour volumes were measured with calipers, and the formula 
volume = 0,52 * width! length for approximating the volume of a spheroid 
was applied. 

Antibodies and histological analyses. Sections were stained with the following 
antibodies; anti-CD4 (rat, GL, 10ygaul', BD PharMingen), anti-CDS (rat, 
Ly-2, 10yigm', BD PharMingen) and anti-Tag (rabbit polyclonal, 1,000, 
from D, Hanahan), followed by anti-rat or anti-rabbit biotinylated secondary 
reagents (Vector Laboratories). Anti-CD31 (rat IgG2s, MEC 13.3, 5 pgm" ', BD 
PharMingen) and anti-PDGERB (rat 1gG2, 10 gmat”, elioscience) staining 
‘was followed by cyanin 3 (Cy3) oF FITC (fluorescein isothiocyanate) -conjugated 
IgG Fab’), fragment goat sntirat (3)igmI"', Dianova) as the secondary 
reagent, Anti-NG2 (rabbit anti-mouse, 1:300, Chesaikoa) staining was followed 
by FITC-conjugated IgG immunoglobulin donkey anti-goat (3 ygml', 
Dianova) as secondary reagent, Stainings for anti-aSMA (mouse IgG: 
pgm ', Sigma) and anti-desmin (mouse IgGl, D33, 1:300, Dako) wert per” 
formed using the FIFC-MOM kit (Vector). The hypoxyprobe-1 kit (Chemicon) 
‘was used to detect hypoxia. Hypoxic tumour atea was quantified througho: 
‘umours.n sections that were 100m apart For assessment of imme infltra= 
tion, standard histology” was performed 7 days aftr T-cell transfer. Tamour 
sections were evaluated for CDA” CDR” lymphocytic infiltration by using a ¥20 
‘objective lens, and five independent ateas were selected, digitally photographed 
snd counted (ImageP'o). Tumour tissue was counterstained with methyl green. 
In situ hybridization is described elhewhere 

Dynamic magnetic resonance imaging and vascular permeability. SIRE was 
performed using a 1.5 tesla whole-body MR-scanner (Siemeas Syesphony) in 
combination with a custom-made radio-frequency col for exeitation and signal 
reception, Morphologic MR-imaging was perforited using a transversal T 
‘weighted turbo-spin echo sequence (repetition time,ER = 1,510 ms, echo time, 
TE= 59s, field of view, FOV = 50% 50mm*, matrix =128, slice thick- 
1,0 mm). Kinetics of the contrast agent in tumours were recorded using 
‘weighted inversion-recovery Turbo FLASH (IRTF) sequeace (TR = 13ms, 
5.3ms, Tl = 300 i, slice thickness = 2 mm, FOV = 60 * 60 mm", Matrix 
128), In total, 120 dynamic scans were acquired from two sections within 


nature 


15.36min, Five seconds after starting the dynamic conteastenhanced magnetic 
resonance imaging (DCE-MRt) measurement, 100 (0.1 mmol per kg body 
weight) of the paramagnetic contrast agent Gadomer (Bayer-Schering 
Pharma) were injected manually within 5s into the til vein, Data were analysed 
‘using the pharmacokinetic two-compartment model Bri, providing the pars- 
meters Amplitude (related to relative blood volume) and exchange rate constant 
K,, (surrogate marker of vessel permeability)”. Vascular permeability in 
_AGIO4A mice was determined using Evans blue as described with minor modi 
fications. Evans blue (Sigma) was intravenously injected into tumour-bearing 
mice on day 15 at 20mghg”'. Fifteen minutes later, mice were perfused with 
, tisues excised, and Evans blue extracted from tissue for 24h at room 
temperature (23°C). 
Confocal laser scanning microscopy. Mice were injected intravenously with 
100g of FITC-lbelled tomato lectin (fom Lycopersicon esculentum, Vector 
Laboratories) in PBS, After 3 min of circulation, mice were heart-perfased with 
4% paraformaldehyde in PBS, Organs were embedded in 36% albumin/3% 
‘gelatine, and 200-ym sections were cut with a vibratome and analysed with & 
Biorad MRC 1000/1024 ultraviolet confocal microscope using a Nikon UV-F 
20, NAO. glycerine immersion objective or a Nikon PlanApo X60,NA 1.4 oi 
immersion objective. Images. were processed by using Photoshop 4.0 (Adobe 
Systems). 
Transmission clecttan microxgopy. For electron microscopy, tumours were 
fixed in 4% PFA and einbeddediin draldite. Ultrathin sections (70m) were 
cut on an ultracut UCT Leiedmicrotome. Sections were contrasted with uranyl- 
acctate and lead citrate. and analfsed with an EM 900 Zeiss electron microscope. 
Brain ischaemia. Tranientcefcbral ischaemia was introduced usiog the intra- 
Juminal flames feehnique™. to adult mice, the let middle cerebral artery was 
‘occluded with an 8-0 nylon filament under anaesthesia. Ninety minutes after the 
Ischaemic il, the filament was withdraw, Twenty-four hours ater rperfu 
sion, train wasifemoved and sections stained with silver nitrate, Normal 
tissue daklystaincd by silver nitrate whereas the damaged ates appears right, 
“Thélinlarct and oedema volumes were calculated as described by comparing the 
‘oningaréted right hemisphere with the let hemisphere. 
‘Adoptive transfers and vaccination studies. TCRCDS splenocytes or TagtCRL 
Iymphegode cells were activated in vitro fot 3days with 10U of recombinant 
‘human IL-2 per mi and 25 mM Tag peptide 362-568 (SEPLIEKRI for TCRCDS 
cells) or 25 aM Tag peptide 362-384 (TNRENDLLDRMDIMFGSTGSADI for 
TagTCRI cells). CSH-derived splenocytes were activated with 1yigml-! Con A 
Sigma). 25% 10" naive or activated CD4” and 2.5 10° CD8™ T cells were 
sfered. Tag was pusifed from High Five insect cell infected with a acu: 
lovieus expresing the SV40 eatly region, Mice were primed with «single 
subcutancous injection (tail base) of 30g Tag protein mixed with 50g 
CpG-ODN 1668 (phosphothioate-stabilied CpG-ODN 1668, TCCATGA- 
EGTTCCTGATGET) in 200 ul ODN treatment groups 
‘were inteapertoncally injected with 50 yg Tag protein mixed with 50g CpG 
ODN 1668 every second week. 
Statistical analyses. Students test (two-tailed) was used unless otherwise indi- 
sated, P< 0.05 was considered to be statistically significant, 
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3.88 A structure of cytoplasmic polyhedrosis virus by 


cryo-electron microscopy 


Xuekui Yu'™, Lei Jin'* & Z. Hong Zhou’ 


Cytoplasmic polyhedrosis virus (CPV) is unique within the 
Reoviridae family in having a turreted single-layer capsid con- 
tained within polyhedrin inclusion bodies, yet being fully capable 
of cell entry and endogenous RNA transcription’. Biochemical 
data have shown that the amino-terminal 79 residues of the CPV 
turret protein (TP) is sufficient to bring CPV or engineered pro- 
teins into the polyhedrin matrix for micro-encapsulation"™. Here 
‘we report the three-dimensional structure of CPV at 3.88 A reso- 
lution using single-particle cryo-electron microscopy. Our map 
clearly shows the turns and deep grooves of a-helices, the strand 
separation in f-sheets, and densities for loops and many bulky side 
chains; thus permitting atomic model-building effort from cryo- 
electron microscopy maps. We observed a helix-to-P-hairpin 
conformational change between the two conformational states 
of the capsid shell protein in the region directly interacting 
with genomic RNA. We have also discovered a messenger RNA 
release hole coupled with the mRNA capping machinery unique 
to CPV. Furthermore, we have identified the polyhedrin-binding 
domain, a structure that has potential in nanobiotechnology 
applications. 

‘Three-dimensional structures of several sub-viral_pilticles i 
Reoviridae have been determined at atomic resolutions by Xeray 
crystallography’. Those structures have provided a wealth of infor 
mation about the unity and diversity of viral organization, double- 
stranded (ds)RNA genome packing and transcription and mRNA 
processing and releasing, For example, nascent MRNA of bluetongue 
viruses is capped within the capsid shell before rélease™*"', but 
orthoreoviruses release their nascent.mRNA into a turret chamber, 
where it is subsequently capped*, Both of these viriises are thought to 
release their mRNA from the capsid shell through five-fold axial holes 
on icosahedral vertices. The orthoreovirus shell protein 21 alone 
cannot assemble into icosahedral particles'*:For CPV, however, pre 
vious studies have shown that the apical pentameric pore is blocked 
for mRNA release’ and the capsid shell protein (CSP) alone can 
assemble into virus-like particles in vitro. In addition, there is a 
CPV-unique haemagglutinin-like protein (that is, the ‘A spike’) 
situated on the top of each turret. In the absence of an atomic model 
of the full CPV virion, many fundamental issues have remained 
elusive, including the structural basis for RNA packing, transcription, 
processing and release, and the mechanism underlying CPV's 
unique property of polyhedra embedding. In contrast to CPV poly- 
hedrin protein, which forms diffraction-quality micro-crystals even 
in vivo", CPV virions have eluded X-ray crystallographic efforts, 
probably due to the intrinsic flexibility of the haemagglutinin-like 
A spikes. 

To address some of these issues, we attempted to push the resolu- 
tion limit of single-particle cryo-electron microscopy. Focal pairs of 
16-megapixel charge-coupled device (CCD) images of CPV were 


recorded at liquid-nitrogen temperature in a 300-kV FEL cryo: 
electron microscope (Supplementary Fig. 1a, b). Rigorous screening 
‘of images was carried out to select cryo-clectron microscopy images 
with visible contrast transfer funtion (CTF) rings beyond 5A and 
without noticeable specimemdrift, charging, or image astigmatism. 
The final map (Big. 1a/and Supplementary Movie 1) was recon- 
structed by merging 12,814 particles from only the close-to-focus 
images with a B-factor'®"* of 35 A” and underfocus values ranging 
from 0.15 19 1.3 im (Supplementary Table 1). 

“The effective resalition of our map was estimated to be better than 
4A by examining the structural features revealed by the map, such as 
clearturngand deep grooves of helices, strand separation in f-sheets, 
4 igzagging feature of polypeptide backbones in f-strands, and 
densities of bulky side chains (Fig. 1e-e, Supplementary Fig. 2 and 
Supplementary Movies 2 and 3), which were comparable to tho 
revealed in crystallographic density maps ata similar resolution". In 
addition to its resolving power, the quality of the map was also con. 
vVincingly verified by its accuracy, such as the pitch in a-helices being 
~S.8A (Fig. 1c) and the inter-consecutive Ca distances in polypep 
tide chains being ~3.8 A (Fig. 1e). This assessment is consistent with 
the3.88 A resolution, as estimated by the criterion of 0.5 Fourier shell 
correlation coefficient (Supplementary Fig. 1c). Finally, throughout 
the reconstruction, we only applied icosahedral averaging, Thus, the 
close similarities of the densities for CSP-A and CSP-B (see below), as 
well as the densities of the non-symmetry-related two large protru 
sion protein (LPP) molecules, both at an overall structural level and 
fora variety of detailed features, serve as an excellent internal control 
for the high quality of the density map (Fig. 1b and Supplementary 
Figs 3-5). 

The 730-A diameter CPV has a 
decorated with 12 turrets on the five-fold vertices (Fig. 1a). The 
asymmetric unit consists of two CSPs, two LPPs and one TP 
(Fig. 1b, Supplementary Fig. 3 and Supplementary Movie 4). As with 
other members of Reoviridae, the structures of which have been 
determined to atomic resolution by X-ray crystallography’, the 
SPs of CPV have two conformational states: CSP-A and CSP-B. 
Although no sequence homology was detectable, our cryo-electron 
microscopy structures of CPV CSPs show an overall thin-plate-like 
shape similar to that of the orthoreovirus 41 without obvious domain 
boundaries’, with the exception of the unique small protrusion 
domain (SPP) (Fig. 2a and Supplementary Figs 4 and 5). The iden- 
tified secondary structures of CPV CSP (for example, the helices in 
the apical domain and the -sheets in the dimerization domain) all 
have topological counterparts in 2.1, although their detail orienta- 
tions differ locally, indicating that CPV CSP has a fold similar to 
that of 41. Using the crystallographic modelling tool O (ref. 20), 
we have built Ca models for the two CSPs without the SPP (Fig. 28 
and Supplementary Figs 4 and 5), two LPPs (Supplementary 


icosahedral capsid shell 
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Fig. 6), and two N-terminal domains of TP based on our density 
map. At the current resolution, accurate registration of residues 
remains challenging and, consequently, residue numberings were 
tentative, 

‘A marked local conformational change has been identified 
between the two conformers CSP-A and CSP-B in their regions 
interacting with viral RNA (Fig. 2), in addition to a conserved global 
conformational swing about a pivot in the middle’* 
Figs 4 and 5), Whereas residues 1014~1024 form an 2-helixin C 
the same fragment exists as part of a -hairpin (residues 101741029) 
in CSP-B. The a-helix of CSP-A is connected to another approxi 
mately parallel a-helix (residues 996-1009) through a/4-residue 
loop (residues 1010-1013). In CSP-B, this loop is rotated about 
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Figure 1 | Overall structure of the CPV capsid. 
2, Radially coloured, shaded surface view of the 
CPV reconstruction a8 viewed along a two-fold 
axis, b, An extracted asymmetric unit, colour 
coded by protein subunits, including one turret 
protein (TP) (green), two copies of the capsid 
shell proteins (CSP-A in blue and CSP-B in 
purple), and two copies of the large protrusion 
protein (LPP-5, near the five-fold axis, in yellow; 
LPP-3, near the three-fold axis, in brown). 
6.4, Views of density maps of one 2-helix (e) and 
four f-strands (d) for CSP-B superimposed with 
the corresponding Cs model, showing the clear 
turn and deep groove ofthe s-helix with apitch of 
5.8 Aand the density forthe bulky side chain of 
jue 520 in e, and the clear separation of 
fstrands in d (note also the densities for the 
bulky side chains of amino acids 341 and 343), 
¢, Cx model ofa f-strand of TP in the density 
‘map, showing zigzagging ofthe backbone and the 
ear densities for side chains, All the iter 
consectitive Cx distances are ~3.8 A, which 
well established distance in polypeptide chains. 


45 clockwise (viewed from inside the capsid) and subsequently 
pushes the connected fi-hairpin to rotate ~90" clockwise and back- 
ward “280 A to the edge of the carapace domain to interact with ite 
adjacent CSP-A (Fig. 2b,¢). The genomic dsRNA is coiled and tightly 
packed within the capsid with a multilayer arrangement", The out- 
€rmost RNA layer interacts with the inner side of the capsid shell 
(Fig. 2d and Supplementary Fig. 7). The a-helix (residues 1014~ 
1024) of CSP-A is the most inward component and most likely to 
be involved in the interaction with viral RNA. The functional impli- 
cations of the observed conformational change remain unknown; 
however, the interactions with viral RNA genome suggest an 
association with RNA packaging, replication and transcription (See 
‘Discussion’ in the Supplementary Information). 


Figure 2 | A conformational char 
CSP-A and CSP-B: implication 
sliding ofthe dsRNA genome. a, Atomic model 
‘of CSP-A, coloured from blue atthe N terminus 
to red atthe C terminus. b, Close-up view ofthe 
CSP-A (blue) and CSP-B (purple) density map, 
showing that an a-helix (the upper helix within 
the green density) in CSP-A transforms 

of a f-haiepin in CSP-B (the upper part in the 
Yellow density). e, Density maps with Cx models, 
‘showing the conformational change between 
CCSP-A (left) and CSP-B (right), One a-helix in 
CSP-A transforms into part ofthe fi i 
CSP-B (indicated by curved arrow). The changing 
path is also indicated by an empty arrow. d, A 
TOA alab extracted from the two-fold map 
showing the ordered dsRNA genome with a 
~27A distance between the adjacent dsRNA 
strands (arrow). The dotted box indicates the 
‘Aspe plgall the way in the central chamber of 
the turret. 
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Uncapped nascent mRNA is unstable and degrades prematurely 
if released into the cytoplasm. Viruses in the Reoviridae overcome 
this problem by capping nascent mRNAs before releasing them. 
Whereas viruses with non-turreted cores cap their mRNA within 
the capsid shell, turreted viruses cap their mRNA in the turret outside 
the capsid shell, CPV TP differs from orthoreovirus 22 despite shar 
ing similar domain architectures, The 42 pentamer of orthoreovirus 
isa hollow cylinder with five faps forming a lid on the top’. The TP 
pentamer of CPV isa hollow cone with a wide opening on the top, as. 
TP lacks the immunoglobulin fold flap domains of the orthoreovirus 
22. Instead, the central chamber of the CPV turret is plugged all the 
way down by its haemagglutinin-like protein A-spike (dotted box in 
Fig. 2d and yellow in Supplementary Fig. 8a, b and Supplementary 
Movie 6), which confers the CPV’s infectivity. The A-spike adopts a 
shape complementary to that of the inner space of the turret and 
totally blocks the central channel at the lower part of the turret, 
leaving only a peripheral space of ~20A in the middle to upper 
regions of the turret (Fig. 2d, Supplementary Fig. 8a and 
Supplementary Movie 6). In keeping with this arrangement of the 
turret, the CSPs of CPV do not form a single hole at each five-fold 
axis for mRNA release, like orthoreovirus 


but instead form five 


holes surrounding the five-fold axis, similar to those seen in a low 
In CPV 


10 A in diameter, formed by the apical domains of two CSP-As and 


resolution structure of the rotavirus each of those holes is 
one CSP-B (Fig. 3a), and is immediately adjacent to the active-site 
cleft of the guanylyltransferase (GTase) of TP (Fig. 3b, 

Supplementary Fig. 8c). 


fotably, the narrowest region of each hole 
is formed by three loops (Fig. 3a) 
Consistent with this difference in the location of the putative 


mRNA release hole, the structure of the CPV GTase domain, which 


Figure 3 | Nascent mRNA release hole coupled with the GTase active site of 
‘TP in a way unique to CPV. a, Close-up view of the atomic model of CSP-A 
(«wo copies) and CSP-B, The mRNA release hole comprises loops contributed 
by the two copies of CSP-A (red and orange) and one CSP-B (cyan). b, ¢, C2 
models of one CSP-B (cyan), two copies af CSP-A (red and orange) and two 
GTase domains (blue and light blue), showing the mRNA releasing and 
capping pathway, which is illustrated by green arrows in b (viewed from 
‘outside of the capsid) and ¢ (viewed from inside of the capsid). d, Cx models 
of the GTase domains ina turret, showing that the active-site cleft (yellow 
stars) of GTase rotates away from the central chamber, facing sideways, thus 
coupled with the mRNA release hole (white circle). 
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catalyses the first step of RNA capping, also differs from that of 
Although CPV and orthoreovirus belong to the 
same family, the CPV GTase domain is rather like the GTase of 
the completely unrelated chlorella virus PBCV-1 (ref. 23) in having 
two sub-domains, forming a deep and narrow cleft (Fig. 3d and 
Supplementary Fig. 9). On the basis of the structural resemblance, 
we speculate that the active site of the CPV GTase is on the larger sub. 
domain, opening to the cleft. Rather than facing the central chamber, 
as for the orthoreavirus GTase, the active-site cleft of the CPV GTase 
rotates away from the central chamber, thus facing sideways towards 
the putative RNA release hole. This configuration of GTase allows it 
to be coupled with the mRNA release hole in CPV (Fig. 3b-d). This 
configuration is different from that of orthoreovirus as m 
above, but still ensures that the nascent mRNA bumps into the active 
site cleft of GTase immediately after it exits the capsid shell, resulting 
immediate and efficient capping as in the orthoreovirus (Fig, 3b-d 
The PBCV 
ons: the inactive opémconformation and the active closed 
Notably, the GPV 
active open conformation more closely, consistent with the fact 


orthoreovirus. 


ationed 


and Supplementary Movie 7) 1 GTase exists in two con. 


conformation GTase domain resembles the 


that our structure was obtained from quiescent, non-transcribing 
CPV virions, 

Mutagenesis studies have shown that the N-terminal 79 residues of 
TP are required for specific interaction of the CPV capsid with poly 


hedrin trimer during polyhedra-embedding or micro-encapsulation 
into polyhedra’ 
map of, TPishows a CPV-unique domain 
N-tefminalend of the GTase domain through a clearly resolved 
This domain 


Consistent with this observation, our density 
nchored to the 


linker, (Fig. 4/and Supplementary Movies 8 and 9). 
hhas a palm-shaped structure with a dimension of 15 A by 20 A con 
sisting of fo use the GTase domain in 


orthoreovirus is the N-terminal end of the capping complex 22, the 


P-strands (Fig. 4d, e). Bec 


additional domain attached to the CPV GTase domain is probably 
the N-terminal domain of CPV TP (that is, the CPV-unique poly 
hedrin-binding domain (PBD)). Indeed, our model shows that this 


domain is f-strand rich, which is in agreement with the secondary 
structure prediction from the primary structure of the TP N-terminal 
79 amino acids. This domain is located on the outer surface of the 
CPV turret, and is thus easily accessible by the polyhedrin trimer. Its 
sheet-like feature apparently provides a large interaction surface, 
which may be the structural basis for its strong and specific binding 
to the polyhedrin trimer 

Because the PBD has the unique ability to bring proteins of various 
sizes into nano-scale inclusion bodies (polyhedra) with controllable 
disassembly behaviour, this would offer better systems for delivery 
and protein microarrays". Our elucidation of the structural details of 
this domain opens doors for rational designs of such systems, 

We have obtained a 3.88A density map of CPV by single-particle 
cryo-electron microscopy, which is of sufficient quality for us to 
attempt atomic modelling and has led to three important findings 
summarized in Supplementary Fig. 10). In the last decade there have 
been great efforts at sub-nanometre resolution in single-particle 


cryo-electron microscopy reconstructions", Our structure was 
obtained from only ~13,000 particles recorded in a 300-kV micro. 
scope without an energy filter. With further advancement of cryo: 
electron microscopy instrumentation, the development of more 
sophisticated algorithms and ever 
there is every reason to believe that we are entering the age of atomic 
resolution for single-particle cryo-electron microscopy, which will 
have profound impacts on biology, chemistry and medicine. 

Note added in proof Recently, three other papers have appeared 
describing near-atomic-resolution of the 
double-shell particles, the £15 bacteriophage” and the GroEL com 
plex. These advancements illustrate the potential towards atomic. 
resolution structural determination by single-particle cryo-electron 


rowing computational power, 


structures rotavirus 


microscopy 
av 
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Figure 4 | Location and structure of the unique polyhedrin-binding domain 
(PBD) of TP. a, Shaded surface representation of TP viewed from inside, 
showing the two methylase domains (purple), GTase domain (blue), and 
CPV's unique PBD (orange). The PBD is absent from other dsRNA viruses 
and consists of residues 1-79 of TP. b, Ribbon model of the CPV polyhedrin 
trimer, which isthe building block ofthe crystalline polyhedra. ¢, View of 


METHODS SUMMARY 
“The CPV virions were Wolated and purified from infected Bombyx mori layae 
Using a previously described procedure, with some modifications pianarit¥to 
preserve the structural integrity for high-resolution structure determination. 
Focal-pair images were collested at liguid-nitrogen temperiture om 
16-megapixel CCD camera (TVIPS) in an FEI Polara cryo-clesron microscope 
aperated at 300kV with « dosage of ~20e~ per A® at a’ magnification of 
154,380 (step size: 0.97 A per piel). Determination of parte orientation, 
centre parameters and subsequent thrce-dimensional re€onitructiom were car- 
fied out using the IMIS package, using integrated stftepis ofeommon lines, 
projection matching” and Fouriee-Hesel synthesis methods. Hefore the 
merging of particles for thrce-dimensional reeoaitructlanpthe Fourier trans 
form values of individual images were cosfected for theGTF with 15% amplitude 
contrast and a decay factor of 35 A, Weestimated the elective resolution of the 
final reconstruction to he beyond 4A using structuceteatare-based criterion 
‘commonly accepted in protein crystallographygauch as visible turns and deep 
jrooves for helices, stand separations in Psbeetsand clear densities for bulky 
Side chains. This i consistent with the 3.88 effective resolution based oo the 
criterion of the 0.5 Fourier shell correlation coefficient between two reconstrac- 
5 Hccause CPV has no recognizable sequence hoamologics (that is, <8% 
sequence identity) with orthoreovirus, blictongue virus’ and phytorcavirus, 
experimental Ca-trice model building based on cryo-clectean microscopy 
densities was necesary and was accomplished using O (ref 20). 


Full Methods and any associated references are avaiable inthe online version of 
the paper at www nature.com/nature 
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METHODS 
‘Virus purification, In contrast to the stringent requirement on sample purty by 
‘conventional X-ray crystallography and nuclear magnetic resonance (NMR). we 
belive that simple integrity is more important than purity for high-resolution 
single-particle ryo-clecron microscopy structure determination of viruses and 
large protein asses. In cryo-cletron microscopy images, impurities oF 
contaminations if ever existing, can be distinguishes from particles of interest 
cither visually oF by computational means, thas they will nt have a severe 
impact on subsequent dita processing. However, subtle structural deformation 
‘or flesblity of the complexes cannot be cally sorted out and can become 4 
limiting factor towards high-resolution reconstruction, Ta avoid possible strac- 
tural damages caused by multistep suctosc-gradient centrifugation, we isolated 
the CPV virions érom Bombyx mori larvae using a simplified protocol modified 
from a previous procedure™”, Purified polyhedra were treated with an alkaline 
solution of 0.2M Na,CO,-NaHCO, (pH 103) for 1h. The suspension was 
«entrfged a 10,000 for 40min. The superaatant was collected and centrifuged 
2 80,0005 for 60 min at 4°C to pellet the CPV virions. The pellet was then 
directly resuspended in 10mM PBS (pH 7.4) and immediately Mash-eazen 
for eryocelecron microscopy imaging. We eliminated the subsequent sucrose 
gradient centeifogation steps used in previous protocols”, 

Cryo-electron microscopy imaging. The CPY virions were embeds in thin 
layer of vitreous ice suspended across the holes af holey carbon films for eryo- 
electron microscopy imaging, The images were collected a iquid-nitrogen tem 
perature in a 300-V FEI Polara eryo-electzon microscope with a dosage of 
~20e" per A* ata magnification of 154,380 and a step sie of 097A per pixel 
Focal pairs of micrographs were recorded on a 16-megapiael CCD camera 
IVIDS) using the EMMENU software, The fist close-to-focus micrographs 
inthe focal pars were aimed at 0.5-1.0 tm underfocus. The second micrographs 
were taken at 1.5 im farther underfocus and were used only for the determina 
tion of preliminary orientation parameters. The defocus values were estimated 
from the positions of the CTF rings i the incobctently averaged Foutier trans 
forms of patil images. As compared o conventional imaging on photographic 
films, imaging on CCD exposes a much smaller sample area, thus reduc 
pnsible beam-induced specimen movement/charging and the effect of defocu 
variation within each image, The latte allows a more accurate defocus value 
determination 

‘Thee-dimensional reconstruction and visualization. Determination of pace 
ticle orientation, centre parameters und subsequent theee-dimensional reton- 
steuction were caried out using the IMURS package”, which uses integrated 
Approaches of common lines", projection matching™, Fouriee-Bestel sme 
thes and spherical harmonics reconstruction” methods. efgfe merging 
of particles for theee-dimensional reconstruction, the Fourier transform vals 
of individual images were corzected for the CTF with 15% amplitude contrast 
and a decay factor of 35,7. Reconstructions were perform indepetidently 
from images recorded in individual eeyo-electron microscopy Hmiaging sesions 
and were evaluated based on resolvabilty of high-resoluion structural features. 
Many data ets were discarded owing to difficulties In pushing beyond 3A 
revolution, and the final reconstruction was only fram images slected fromm 
two best cryo-electrom microscopy sessions Thelimages fm shese two extended 
sessions were independently processedito 5A and. combined for further 


nature 


refinement. The final refined dataset was split into two halves for Fourier shell 
correlation calculation. 

‘The three-dimensional reconstruction was visualized using Chimera. The 

density maps were displayed by contouring at 5a (standard deviation) above 
theaverage density values unless otherwise specified. Each molecular component 
was manually segmented out using Chimera, Molecular boundaries were well 
delineated by interactive three-dimensional examination of the continuity of 
‘mass densities by varying the contouring levels (1.50-3.00). 
Atomic model building and visualization. The sequences of CPV proteins are 
highly diversified, as no significant sequence homologies have been detected 
(196 sequence identity), So far, we have not been able to perform homology 
‘modelling for CSP, LPP and TP, despite extensive efforts using a variety of 
bioinformatics tool. Interpretation of the final experimental density map and 
‘mode! building into the densities were performed using the software O (ret 20). 
To facilitate polypeptide chain tracing the density map was skeletonized in O. 
For CSP-A and C3P-B, Ca models were built in O according tothe skeleton and 
following the overall topology of orthoreovirus 21 protein’. For the GTase 
domain of the TP, tentative Ca tracing was based on the density map only. 
Subsequently, a poly-Ala model was built from the Ca model using the 
lego_auto_MC command in O. Fitting of the model to the map and adjusting 
of clashing atoms were done manuallyin O. Local stereochemistry was improved 
using the real-space refinement (the refine_zone command) in OQ, Tentative 
registration of amino acids was Based of the density map, the secondary struc- 
ture profiles predicted fom the primary amino-acid sequences and the overall 
topology. The current model contains residues 1-26, 48-275 and 291-391 of the 
1,057 amino acid residues for TPs residues 174-255, 261-720, 889-1095, 1098 
214, 1220-1255 and 126521287 of the 1,333 residues for CSP-A; and residues 
174-255, 261-720, 88921214, 1222-1255 and 1269-125 ofthe 1,333 residues 
for CSP-B, Til accounts for a total of 2,195 amino acids forthe icosahedral 
asymmetric walt 

Secondaryistructifes were clearly recognizable for the small protrusion 
domain of CSP and the two methylase domains of TP, even though their back- 
bomes could not be traced from the map, probably due to their inherent flexi- 
bility. For ERP. its identity and sequence are still ambiguous. One possible 
candidate for LPP is the VPS protein: however, the predicted molecular weight 
based ofibe sequence of VPS is much larger than the density for LPP, probably 
as a result of proteolysis”. Therefore, those domains oF molecules were not 
included in the current model. 

igures and Supplementary Movies were prepared using Chimera", © 
ref. 20), Molscripe and Pymol” 
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Crystal structure of squid rhodopsin 


Midori Murakami’ & Tsutomu Kouyama'* 


Invertebrate phototransdu: 


uses an inositol-1,4,5-trisphosphate signalling cascade in which photoactivated rhodopsin 
stimulates a G,-type G protein, that is, a class of G protein that stimulates membrane-bound phospholipase Cj. The 
same cascade is used by many G-protein-coupled receptors, indicating that invertebrate rhodopsin is a prototypical member. 
Here we report the crystal structure of squid (Todarodes pacificus) rhodopsin at 2.5 A resolution. Among seven 
transmembrane 7-helices, helices V and VI extend into the cytoplasmic medium and, together with two cytoplasmic helices, 
they form a rigid protrusion from the membrane surface. This peculiar structure, which is not seen in bovine rhodopsin, 
seems to be crucial for the recognition of G,-type G proteins. The retinal Schiff base forms a hydrogen bond to Asn 87 or 
‘Tyr 111; it is far from the putative counterion Glu 180. In the crystal, a tight association is formed between the amino-terminal 
polypeptides of neighbouring monomers; this intermembrane dimerization may be responsible for the organization of 
hexagonally packed microvillar membranes in the photoreceptor rhabdom. 


G-protein-coupled receptors (GPCRs) are activated by a variety of 
external physical and chemical stimuli and they transmit the stimuli 
to intracellular signalling cascades by activation of G proteins at the 
cytoplasmic surface’. Rhodopsin is the primary photoreceptor 
molecule in the visual signalling cascade™*, Like other visual pigments, 
invertebrate rhodopsin contains 11-cis retinal attached to a lysi 


Ga-type G protein is stimulated by photoactivated thodopsin’. As 
the latter is Used. by numerous GPCRs, invertebrate rhodopsin can 
be regarde.as a prototypical member of the GPCR family 


Crystal structure of squid rhodopsin 
Squid ( Todarodes pacificus) rhodopsin contains 448 amino acids witha 


residue, the photoisomerization of which results in the activation of — molecular mass of ~50KDs*. Its polypeptide chain is ~100 residues 
4 heterotrimeric G protein (guanine-nucleotide-binding protein). In longer than those of vertebrate counterparts, primarily dueto a 10-kDa 
contrast to vertebrate vision, in which signal transduction is mediatédy carboxy-terminal extension containing proline-rich sequences 
by the second messenger cyclic GMP, invertebrate phototransduction (Fig, 1). This C-terminal extension is important in the regulation of 
tases an inositol-1,4,5-trisphosphate signalling cascade in which a intracellular trafficking and photoreceptor morphogenesis’, but its 


Figure 1 | Schematic diagram of the 
Aaa F rf “ 

a ; Pp rectangles, 3,9 helices as grey rectangles an 
Y PPPPPPPPP -strands as open arrows. In the current 


A PPP PPP PP PPG structural model, the polypeptide chain is traced 
9 CAGLQQQQQQ94 from Glu9 to Glu 338 (shown by black letters) 
Ny GAR EEO Oe e ay Grey letters indicate resides that are truncated 


or disordered, Retinal bound to Lys305 and 

337 are included in the 
phide bond i formed 
between Cys 108 and Gys 186, The counte 
Glu 180, residues within 3.5 A ofthe Schiff base 
and within 44 of the retinal polyene chain are 
circled by red, purple and green ines, 
respectively. Positively and negatively ionizable 
residues ae marked with blue and pink 
respectively. 
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deletion does not affect the ability of rhodopsin to activate G proteins’. 
In this study, the C-terminal extension was removed by cleaving 
peptide bond at Glu373 (or Glu358) with V8-protease, and 
C-terminally truncated rhodopsin was crystallized according to a pro- 
cedure described previously". Briefly, the truncated rhodopsin was 
extracted selectively from the microvillar membranes with octylgluco- 
side in the presence of zinc acetate and it was crystallized into the 
hexagonal P62 crystal. 

In this crystal form, the asymmetric unit contains two molecules 
with similar structures. In Fig. 2a, two adjacent subunits that are 
related by a local two-fold axis lying in the ab plane are drawn in 
red and blue, The N-terminal peptides of these subut 
iated tightly with each other by salt bridges between Arg24 and 
Glu 25 of both subunits (Fig. 2c). It is feasible that the same type of 
protein-protein contact exists between adjacent microvillar mem 
branes, contributing to the membrane organization into the hexa. 
gonally packed cylinders that are observed in the photoreceptor 
thabdom'". In the crystal, another type of protein association is seen 
between two adjacent B-subunits that are related by a crystal 
lographic two-fold axis (Fig, 2e). In this dimeric association, the 


Figure 2 | Crystal structure of C-terminally truncated squid rhodopsin. 
Crystal packing viewed along the c-axis and a*-axis respectively. The 

subunits drawn in blue (A-subunit) and magenta (B-subunit) form a dimeric 
‘structure inthe asymmetric unit. Such dimers ar aligned around the c-axis 
as if they form a helical tube with double strands, in which interdimer 
‘contacts are formed between transmembrane helices and I of A- and 
B-subunits with anti-parallel orientations. ¢, The dimer interface was 
aaintained by salt bridges between Arg24 and Glu 25 of both monomers. 

Side view ofthe B-subunit, Helices are colour-coded from blue helix 1) to 
red (helix IX). Retinal (magenta spacefl i bound to Lys 305 via a 
protonated Schiff bae (its nitrogen atom in blue). Cys 337 i palmitoyled 
{rey stick representation). One phospholipid and fatty acid i interprotein 
space are shown in stick representation (grey). e, Side view of two adjacent 
B-subunits related by a crystallographic two-fold axis (vertical line) Helices 
are drawn in cylinder representation and colour-coded according to the 
B-factor of C2 atom, from blue (lowest B factor: 33.) to red (highest B 
factor: 11842). All mages were drawn with PymoP*. 
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protein-protein interactions are reinforced by phospholipids bound 
to intradimer crevices, This dimeric structure is similar in geometry 
toa dimer model that was recently proposed to explain atomic force 
micrographs of rat disc membranes'”, However, as two adjacent 
A-subunits are differently arranged around the crystallographic 
two-fold axis, it is possible that the protein association within the 
same membrane is weaker than the intermembrane protein-protein 
association. 


Overall structure 
C-terminally truncated rhodopsin, the polypeptide of which is traced 
from Glu 9 to Glu 358, is composed of seven transmembrane helices 
(from 1 to Vil) and two cytoplasmic helices (VIII and IX) (Fig. 24). 
Notably, helices V and VI protrude into the cytoplasmic medium, 
forming a column projecting 25 A from the membrane surface. The 
presence of this column has been implicated by a low-resolution 
electron-density map of squid rhodopsin in a two-dimensional crys- 
tal. Helix V is divided into"@imembrane-embedded region and a 
medium-exposed region; awingto aflexible joint at Ser 226, the later 
helical part has a latge motional freedom (Fig. 2c). In contrast, helix 
VI extends into the mediuin a¥a rigid spiral and its hydrophilic 
extension interacts with the C-terminal end of helix IX, Although 
helix IX contains many acidic residues, its motional freedom is sup- 
pressed by interactionsiwith helix VIIL, which is anchored to the 
cytoplasmic membrane surface by a palmitoyl group attached to 
Cys337. Such an organized protein folding in the cytoplasmic 


Figure 3 | Structural comparisons between squid rhodopsin and bovine 
thodopsin. Squid chodopsin is denoted by brown and magenta; bovine 
shodopsin by cyan and blue. 
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medium is invisible in bovine rhodopsin’. The unique architec 
ture of the cytoplasmic domain of squid chodopsin provides an 
important insight into the recognition mechanism of a particular 
type of G protein. 

In Fig. 3, the structure of squid rhodopsin is compared with that of 
bovine rhodopsin in a tetragonal P4, cystal’”. The most notable 
difference is seen in the third cytoplasmic (C3) loop. This difference 
isattributable to the extra sequence that squid rhodopsin possesses in 
this loop region. The multiple sequence alignment of squid and 
bovine rhodopsins is shown in Supplementary Fig, 1. As the C3 loop 
of bovine rhodopsin takes a different conformation in a different 
crystal form’, ithas been argued that under physiological conditions 
the G-protein-binding site in the dark state of bovine rhodopsin is 
dynamically disordered, A flexible conformation of the C3 loop has 
been suggested previously in the fix-adrenergic receptor'”**, which is 
another GPCR with known structure. Conversely, in squid rhodop- 
sin the hydrophilic extension of helix VI takes a rigid conformation, 
As the amino acid sequence in this region is well conserved among 
invertebrate rhodopsins and other Gq-coupled receptors, the exten- 
sion of helices V and V1 into the cytoplasmic medium can be regarded 
4s an important structural motif for specifying the coupling mode 
with Ga-type G proteins, 

Another unique feature of squid rhodopsin is a short 3,9 helix 
formed in an interhelical loop between helices VIM and IX. This 
3,0 helix is dipped in the hydrophobic membrane region, whereas 
helix VII is adhered to the hydrophilic surface of the lipid bilayer. 
Short 3,» helices are also found in the N-terminal polypeptide and the 
third extracellular (E3) loop. These and other loops exposed to the 
extracellular medium are characterized by low temperature factors 
(Fig. 2e). The N-terminal polypeptide folds so as to interact with all of 
the extracellular loops. It may function as.a scaffold for the folding of 
seven transmembrane helices, as proposed previously”. 


Structure of the retinal-binding pocket 
As found in most GPCRs, squid rhodopsin possesses a disulphide 
bond between Cys 186 in the second extracellular (E2) loop, and 
Cys 108 in helix II (Fig, 4a). This bond is important in.the proper: 
folding of the E2 loop into the membrane region, where it forms a 
Pesheet structure that functions as a plug of the ,étinal-binding 
pocket, The 11-cis retinal is bound covalently tosLys 303 On helix 
VIL. The retinal-Iysine chain takes a U-shaped configuration around 
the indole ring of Trp 274 on helix VI. The polyentechain igorientated 
perpendicularly to the membrane normal, whereasthe-ionone ring 
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is rotated by ~90" with reference to the plane of the polyene chain, 
Five aromatic residues (Phe 120, Phe 188, Phe 205, Phe 209 and 
‘Tep 274) are positioned around the f-ionone ring, and together with 
Met 204, they form a rigid hydrophobic pocket, The central part (C9 
to C14 atoms) of retinal is sandwiched by the main chain of helix III 
(Gly 112, Gly 115, Gly 116 and Gly 119) and a festrand (Cys 186, 
Ser 187 and Phe 188) in the E2 loop its cytoplasmic side is capped 
by Trp 274. The present results show that residues in contact 
retinal are largely altered from those seen in bovine thodo| 
Reflecting this alteration, the retinal polyene chain takes a less di 
torted configuration in squid rhodopsin than in bovine rhodopsin. 
The anionic residue Glu 180, which is highly conserved among 
visual pigments, is too far from the retinyliden-bound nitrogen to 
have a direct interaction (Supplementary Table 2), and the side 
chain of Asn 185 is located between them, It is possible that after 
the photoisomerization of retinal, Asn 185 moves to mediate an 
indirect interaction between Glu 180 and the retinal Schiff base, 
‘The hydrogen-bonding partner of the Schiff base in the dark state 
is either the side-chain carbonyl of Asn 87 or the OH group of 
‘Tyr 111, These residues are‘eonserved among invertebrate rhodop- 
sins but are replaced by glycine (Gly 89) and glutamate (Glu113), 
respectively, in bovine rhodopsin. A previous spectroscopic study of 
‘octopus rhodopsin has shown that the counterpart of Tyr 111 is kept 
neutral in both theldark’state and the acid metarhodopsin state’, 
This implies thathin invertebrate rhodopsins, Glu 180 is the sole 
anionic residue existing near the Schiff base. 


Water cluster in an interhelical cavity 

Squid rhodopsin possesses a large interhelical cavity that is filled by 
‘tine Water molecules. Together with two hydrophilic residues 
(Asp 80 and Asn 311) existing in the middle of this cavity, these water 
molegules form a long hydrogen-bonding network which extends 
from the retinal-binding pocket to a crevice of the cytoplasmic sur- 
face (Fig. 4b). In the innermost region of this network, water mole 
cules interact with the main-chain carbonyls of Lys 305 and Ala 304 
and the indole nitrogen atom of Trp 274. The other end of the net 
work is terminated by the phenol group of Tyr315 in the ‘NPXxY" 
motif which is highly conserved in GPCRs. It is noteworthy that the 
number of water molecules existing in the interhelical cavity is much 
larger than that observed in bovine rhodopsin'*", Squid rhodopsin 
can therefore be classified as a typical example of an ‘inside-out 
protein’. This classification is useful for the better understanding of 
the photoactivation mechanism of squid rhodopsin. A recent Fourier 


Figure 4 | Retinal-binding pocket and interhelical cavity. a, Structure of the 
retinal-binding pocket, with an omit map of the retinal Lys 305 chain 
contoured at 5. (purple mesh). Residues within 4A of the retinal polyene 
chain are drawn in green; residues in the vicinity of the Schiff base nitrogen 
atom are drawn in violet. Oxygen, nitrogen and sulphur atoms are in red, 


blue and gold, respectively. b, Interhelical cavity filled by nine water 
molecules (cyan), with an omit map of the water molecules contoured at 
43.80 (purple mesh). Residues that are well conserved among GPCRs are 
‘drawn in violet. For derivation of the omit maps, diffraction intensities from 
4 partially twinned crystal were detwinned using Detwin in CCP4”, 
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Figure 5 | Cytoplasmic view of C-terminally truncated squid rhodopsin. 
4, Octylglucoside bound to a erevice inthe cytoplasmic protein surface is 
shown in yellow. Positively and negatively charged residues are draven in 


transform infrared spectroscopy study has shown that more than 
eight water molecules change their vibration frequencies on forma: 
tion of bathorhodopsin’. It is thus suggested that a light-induced 
conformational change propagates towards the cytoplasmic side 
along the water cluster. It is conceivable that rearrangement of the 
water molecules inside the protein evokes a significant change in the 
local environment of functionally important residues such as Asp 80 
and Asn311. As these residues and their surrounding residues 
(Asn 52, Leu76, Ala77, Pro 312 and Tyr315) are highly conserved 
among GPCRs, itis possible that the conformational change in the 

ntethelical water cluster is crucial for the activation of G proteins. 


Insights into the photoactivation mechanism 
‘The activation mechanism of transducin, Ge-type G protein, in vers 
tebrate photoreceptors has been extensively studied. According to 
1 recently proposed two-state interaction model”, the GDP/GTP 
exchange reaction in G, proceeds as follows: (1) the state called 
metarhodopsin Ib binds GDP-bound Gy (2) the formation. of 
metarhodopsin II is accompanied by a large structural change ip 
the thodopsin-G, complex; (3) GDP is released front the comple 
and (4) GTP binds to the nucleotide-free G,. It Femains unclear 
whether the same reaction scheme is applicable to Gy-type G 
proteins. The crystal structure of squid rhodopsin shows that the 
carboxyl group of Asp 80 interacts directly withythe side chain of 
‘Asn 311. As the linkage between theinequlivalent residues in GPCR 
has been reported to be coupled with the activation of G proteins", 
is possible that the crystal structure shown here corresponds to a state 
in which rhodopsin isable to bind G proteins. However, as the retinal 
in the crystal takes an 11-cisconfigurationyanalternative explanation 
is that squid rhodopsin in the dark state already has the ability to 
form a complex with GDP-bound G, 

In this context, itis observed that the detergent octylglucoside is 
bound to a crevice in the cytoplasmic surface (Fig. 5a). This crevice is 
surrounded by helices Il, Ill, 1V and VIL and is separated by a few 
hydrophobic residues from the interhelical water cluster. The tail 
moiety of octylglucoside interacts with the hydrophobic wall of the 
crevice, whereas its head group interacts with several polar residues 
include: Asp 132 and Arg 133 in the ‘DRY’ motif; Ser64 in 
helix I; Lys321 in helix VIM; and Asp 347 and Glu 331 in helix IX. 
Octylglucoside binding seems to stabilize the conformation of the 
cytoplasmic domain, as described above. It is possible that octyigla- 
ie mimics the C-terminal polypeptide of Gag, the 11 terminal 
residues of which are relevant to the selective recognition of a special 
type of GPCR™. It is notable that negatively and positively charged 
residues are distributed asymmetrically around a postulated binding 
site of the C-terminal polypeptide of Gz,. The calculated map of 
electrostatic potential on the protein surface shows that positively 


light bluc and red, respectively. b Electrostatic potential (red, negative; blue, 
positive) on the protein surface, viewed from the same direction asin a, is 
calculated with APBS*, 


charged residues (L¥8145, Lys 146, Arg 150 and Arg 151) are crowded 
into the N-terminal endiof heli€ TV and the C2 loop, whereas nega- 
tively charged residues are‘elustered along helix IX (Fig. 5b). Such 
charge distribution would have a significant effect on the binding 
mode of the Goproteineilt’ may also affect rhodopsin dimerization, 
which has béen shown recently to be coupled with the activation 
process of G proteins”. 


Detection of the polarization pl 
It ha long been recognized that the invertebrate eye detects the 
polarization, plane of visible light". The crystal structure (Fig. 2) 
shows that two intermembrane dimers, around a crystallographic 
two-foldaxis, form a tetrameric structure in which four retinylidene 
chromophores are orientated nearly parallel with one another, Under 
physiological conditions this tetramer may be characterized by a 
higher symmetry. It is possible that such tetramers are arranged in 
the apposed microvillar membranes so that the absorption dipole 
‘moments of all the retinal chromophores are aligned in parallel with 
the microvillar axis. As the microvillar membranes in each photo- 
receptor cell are orientated in a particular direction”, our crystal data 
provide an insight into the detection mechanism of the polarization 
plane. 

Unlike vertebrate rhodopsin, the retinal chromophore in squid 
thodopsin remains bound to the protein moiety under prolonged 
illumination. Its acid metarhodopsin state is thermally stable and, on 
absorption of visible light, itis hit back into the initial dark state”. At 
a moderate light intensity, the photoreactions of squid rhodopsin can 
be described by a two-photon cycle whose turnover rate is propor- 
tional approximately to cos*z, where xis the angle that is made by the 
absorption dipole moment of retinal and the polarization plane of 
- This implies that a very sensitive detection system of 
the polarization plane would be acquired if the two-photon cycle is 
the activation of G protein, Further investigation into the 
structure-function relationship of squid rhodopsin is needed to 
address questions such as which type of physical quantity (light 
intensity, colour or polarization) does the squid eye use to perceive 
objects, and how do G proteins interact with the dark state of squi 
rhodopsin. The latter is also crucial for elucidation of the activation 
mechanism of human melanopsin and other G,-type GPCRs. 


METHODS SUMMARY 
Microvillar membranes from the photoreceptor chabdoms in squid retina 
‘were purified using the sucrose flotation method. The purified micravillar 
membranes were treated with the enzyme VS-protease at 27K for 12h to 
cleave a specific site in the C-terminal exteasion of thodopsin. C-terminally 
‘truncated rhodopsin was extracted selectively with actyiglucosidein the presence 
‘of 30mM zinc acetate. The final concentration of rhodapsin was ~10mg ml” 
Ceystals of the trancated rhodopsin were grawa at 277 by the siting-drop 
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vapour-diffusion method, ffom a mixture solution containing ammonium 
sulphate and EDTA, pH 6.4. A single crystal was cryoprotected in 20% sucrose 
and was fash-frozen with liquid propane, X-ray diffraction measurements were 
performed at SPring8-BL3SBI, where a frozen crystal kept at 100 K was exposed 
toa monochromatic X-ray beam ata wavelength of 1.0 with an X-ray lux rate 
of 4 10! photons mm 

Although the total X-ray dose per one data set (4% 10"° photonsmm™') 
exceeded a safety level that had been deduced from X-ray-induced absorption 
changes in bacteriorhodopsin crystals", there was no detectable difference 
between the electron-density maps derived from two datasets taken sequentially. 
‘Therefore, no attempt was made to correct possible X-ray damage inthe retinal 
configuration, The structure of squid chodopsin was solved by molecular 
replacement, using a membrane-cmbedded part of bovine shodopsin (Protein 
Data Bank accession Igzm) as an initial search model, Data collection and 
‘refinement statistics are shown in Supplementary Table 1. 


Full Methods and any associated references are available Inthe online version of 
the paper at www nature.com/nature. 
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METHODS 
Materials. Fresh squid (Tadarodespacificus) were purchased from Yanagibash ish 
market in Nagoya, Japan. All chemicals were obtained feom Wako Pure Chemical 
Industries with the exception of the endoproteinase Glu-C feom Staphylococcus 
sureus V8 (V8-peotcase), which was parchased from Sigma-Aldrich. 

‘Membrane purification. All manipulations were performed under dim red light 
(>640nm) at 277 unless otherwise sated. Microvillar membranes from rhab- 
domeric photoreceptor cells of squid retina were purified according 1 the method 
described previously”, Briefly, crude microvilar membranes were isolated in 
phosphate buffer (50 mM NaPO,, pH63, 4% NaCl, 1 mM EDTA, 0.1 mM phe- 
nylmethylsulfonyl Quoride, t mM dithiothreitol 0-2 jm” leupeptin, 0.01% 
NaN,) using the sucrose flotation method. After sucrose step-gradient centrifa~ 
{ation of the microvillar membranes, thodopsin-rich membranes were collected 
from the interfacebetween the 2% and 32% (wiv) sucrose layersand washed with 
ater at least three times to remove peripheral components 

‘Truncation ofthe C-terminal extension of shodopsin. The purified microvillar, 
membranes 5 mg ml” chodopsia) were treated with the enzyme V8-protease 
(100:1 (why) shodopsin-enzyme) at 277 K over 12h to clave ata specifi site in 
the C-terminal extension of hhodopsin, The reaction was terminated by repeated 
washing of the microvillar membranes. The washed microvillar membranes were 
suspended ina minimum volume of water and the thodopsin concentration was 
determined from the absorbance at 480 nm using the reported absorption coef 
ficient of 35,000 mol” cm” (ref 36). The membrane suspension containing 
~10 mgml”' C-terminally truncated rhodopsin was stored at 193 K until fur 
ther purification. 

Selective extraction of rhodopsin Selective extraction of C-terminally truncated 
rhodopsin from the microvillar membranes was performed according to the 
method developed for purification of bovine rhodopsin” with minor modi 
fications. G-terminally truncated squid rhodopsin was extraced selectively from 
the microvillar membranes by mixing the membrane suspension with a buffer! 
detergent solution giving the final concentrations: 30 mM MES, pH 64,30 mM zine 
Acetate, and ~ 100 mM octyghucoside with a detergent/proteia ratio of ~3.7 (wi). 
‘ter incubation at 277 K overnight, the mixture was centred at 30,000 p.m. 
for 1h and the supernatant was used within one day for rysalization. 
Crystallization, The extracted thodopsin was crystallized at 277 K by the stting- 
«drop vapour-difusion method using commercially available crystallization kits 
(Vapour Diffusion Crystalplate, ICN Biomedicals). The protein solution was, 
mixed with an equal volume of texervoir solution containing 3.2 M ammonium 
sulphate, 32 mM MES pH 6.4. 38mM EDTA und LO mM B-mercaptocthadol. A 
drop (10}l) of the mixture was equilibrated against 0.5 ml of the reser¥pir 
solution. After incubation at 277K for >six months, hexagonal Vals bad! 
frown in size 19200 am. 


nature 


Data collection. A single crystal was transferred into a solution containing 
30mmM octylglucoside, 32M ammonium sulphate, 40mM MES pit 6 and 
20% sucrose. After soaking for 10min, the crystal was asefrozen in lguid 
Propane held at its melting temperature and was stored in liquid nitrogen. 
X-ray diffraction measurements were performed at SPring8-BL3SB1, where 4 
foozen crystal het at 100K was exposed to 4 monochromatic X-ray beam at a 
wavelength of LOA with an X-ray fax rate of 4 10! photonsmm?s" 
and integration of difacton spots were carried out with Moaflm 62 
‘The scaling of data was carried out using SCALA in the CCP program 
‘Data statistics are shown in Supplementary Table | 
Structure refinement. Structure refinement was done with CNS-.1" and 
2talView-40", Dlfacton data from the hexagonal crystal were fited well by 
unit-cell parameters a= = 1226A, c= 18874, 2= f= 90", and 
Inspection of diffraction spots along the c-axis indicated the presence ofa crystal- 
Jographic three-fold screw aus. After various tras, the space group wasassigned to 
‘Ps. The model building was performed by the molecularteplacement method 
vith a membrane-embelded part of bovine rhodopsin (Protein Data Bank aces- 
sion 1GZM) a an inital search model. Diffraction intensities from a partially 
‘weinned crystal (twinning fraction ~0.24) were detwinned by CCP4 and the 
resultant intensities Ly kl) WeREWped to bud a structural model at 2.64 
‘resolution. This model was further refined witha higher resolution dataset from 
4 nearly perfect twin. lihiscasedifraction intensities were dtwinned by the 
equation: 


Lacon kD) $)2 < hdl) > + Ak) ~ yay (b= V2 


where < lst hk) doo BED + Lt 
lated from themodel, 


~ 19/2 and as the intensity calew~ 
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Nucleosome organization in the Drosophila 
genome 


Travis N. Mavrich'**, Cizhong Jiang'**, Ilya P. loshikhes’, Xiaoyong Li’, Bryan J. Venters'”, Sara J. Zanton'”, 
Lynn P. Tomsho’, Ji Qi’, Robert L. Glaser’, Stephan C. Schuster’, David S. Gilmour’, Istvan Albert” & B. Franklin Pugh'* 


Comparative genomics of nucleosome positions provides a powerful means for understanding how the organization of 
chromatin and the transcription machinery co-evolve. Here we produce a high-resolution reference map of H2A.Z and bulk 
nucleosome locations across the genome of the fly Drosophila melanogaster and compare it to that from the yeast 
Saccharomyces cerevisiae. Like Saccharomyces, Drosophila nucleosomes are organized around active transcription start sites 
in a canonical —1, nucleosome-free region, +1 arrangement. However, Drosophila does not incorporate H2A.Z into the ~1 
nucleosome and does not bury its transcriptional start site in the +1 nucleosome. At thousands of genes, RNA polymerase Il 
engages the +1 nucleosome and pauses. How the transcription initiation machinery contends with the +1 nucleosome seems 


to be fundamentally different across major eukaryotic lines. 


Knowledge of the precise location of nucleosomes in a genome is 
essential to understand the context in which chromosomal processes 
such as transcription and DNA replication operate. A common 
theme to emerge from recent genome-wide maps of nucleosome 
locations isa general deficiency of nucleosomes in promoter region 
and an enrichment of certain histone modifications towards the 
ind of genes!-”. A high resolution genomic map of nucleosome log 
tions in the budding yeast S. cerevisiae has further revealed the 
nucleosomal context of cis-regulatory elements and transcriptional 
start sites’. However, such context has not been established 
multicellular eukaryotes, and so fundamental questions remains 
there a common theme by which genes of multicellular eukaryotes 
position their nucleosomes with respect to functional chromosomal 
clements? Are such themes and their underlying rules evolutionarily 
conserved across eukaryotes? What are the funétional impications 
for those themes that differ across the major eukaryotic lines? To 
address these questions, we have produced a genome-wide high- 
resolution map of H2A.Z (also known as H2Av) and bulk nucleo 
some locations in the embryo of the fruitfly D. melanogaster. H2A.Z is 
widely distributed in Drosophila, but some evidence points to 
specialized roles". In Saccharomyces, H2A.2 replaces H2A at the 
5" end of active genes‘'"', and thus providesa focused representation 
of promoter chromatin architecture. 

Drosophila embryos are composed of a wide variety of cell types in 
which subsets of genes may elicit distinct gene expression pro- 
grammes!™"*. Global gene expression profiles during all stages of 
Drosophila development from 8-12h post fertilization to a young 
adult fly are correlated (Supplementary Fig. 1), which possibly 
reflects the broad expression pattern of the large repertoire of house~ 
keeping genes in most cell types during development’™". This general 
spatial and temporal independence of gene expression provides 
impetus to use whole embryos to develop a reference nucleosome 
map. Indeed, our map reveals that nucleosomes are generally well 
organized, despite cell type heterogeneity. 


‘Closed’ and ‘open’ chromatin organization 
Embifyos were treated with formaldehyde, and H2A.Z. nucleosome 
core particles were immunopurified (Supplementary Figs 2 and 3), 
H2AZ-containing nucleosomes (652,738) were sequenced (Supple- 
‘mentary Fig. 4) and mapped to 207,025 consensus locations in the 
Drosophila 5.2 reference genome (Fig. land Supplementary Fig, 2b, 
see browser at htip://atlas.bx.psu.edu/), thereby providing >3-fold 
depth of coverage (Supplementary Fig, 5). Correction for micro: 
goccal nuclease (MNase) digestion bias was imposed (Supplemen: 
tary Fig. 6). Those 112,750 nucleosomes detected three or more times 
were further analysed, although patterns were identical when all 
nucleosomes were analysed. The internal median error of the data 
was 4 bp (Supplementary Fig. 7). 
Figure 1b displays the predominant embryonic distribution of 
H2A.Z nucleosomes relative to the transcription start site (TSS) of 
all coding genes, and is compared to the pattern previously derived 
from Saccharomyces’. Patterns around noncoding genes are shown in 
Supplementary Fig. 8. Eighty five per cent of Drosophila coding genes 
(11,994 of the 14,143) contained at least one H2A.Z nucleosome 
(detected three or more times) within 1 kb of the TSS. H2A.Z, levels 
correlated with gene expression (Fig. 1¢ and Supplementary Fig, 9), 
as has been seen on individual genes and in Saccharomyces”, 
Z nucleosomes were predominantly distributed at 175-bp 
ls from the TSS (compared to 165-bp in Saccharomyces', 
Fig. 1b), demonstrating that a predominant organizational pattern 
exists for H2A.Z nucleosomes in Drosophila embryos that transcends 
a spatial and temporal context. The H2A.Z pattern was compared to 
the distribution of bulk nucleosomes (that is, those containing any 
combination of H2A.Z and H2A), determined using high-density 
tiling arrays (36-bp probe spacing). Within genic regions, the same 
organizational pattern was found (Supplementary Fig. 10). For both 
data sets, a nucleosome-depleted region was evident immediately 
upstream of the +1 nucleosome, which probably reflects a nucleo- 
some-free core promoter region (NFR), as first detected in 
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Saccharomcyces’, Like Saccharomyces, a ~ 1 nucleosome was detected 
~180 bp upstream of the TSS. However, in contrast, it lacked H2A.Z. 

Surprisingly, the genic array of Drosophila nucleosomes started 
~75bp further downstream from the equivalent position in 
Saccharomyces, placing the +1 nucleosome at +135 (Fig. 1b and 
Supplementary Fig. 10). This shift has important implications in 
how the TSS is presented to RNA polymerase I (Pol Il). In 
Saccharomyces, the TSS resides within the nucleosome border, poten- 
tially allowing the nucleosome to regulate start-site selection and 
efficiency’, In Drosophila, the predominant arrangement of nucleo: 
somes might allow unimpeded access to the TSS, with potential 
blockage occurring downstream after 

Drosophila have well-defined core promoter elements, such as 
TATA, initiator (Inr), downstream promoter element (DPE) and 
motif ten clement (MTE), which bind to the general transcription. 
machinery'*~, although these elements are not found in most genes. 
For genes lacking these core promoter elements or having a DPE, the 
canonical nucleosome organization was observed (black pattern in 
Supplementary Fig, 11), which was more robust when only H2A.Z. 
containing nucleosomes were examined (blue pattern). In contrast, 
genes containing TATA, Inr or MTE had a diminished canonical 
nucleosome organization and a diminished NFR, indicating that 
these classes of genes may have a more compact and gene-specific 
chromatin architecture, including a positioned nucleosome over the 
‘TSS, Consequently, they might be more dependent on chromatin 
remodelling for expression, When genes become transcriptionally 
competent, resident nucleosomes could adopt a more open and 
canonical organization, which includes replacing H2A with H2A.Z, 
‘Three observations support this hypothesis, First, H2A.Z and bulk 
nucleosomes at highly expressed genes were more uniformly orga 
nized than those at genes with a lower expression (Supplementary 
Fig. 9) Second, bulk nucleosomes for genes that contained H2A.Z at 
their 5’ end displayed the canonical pattern, whereas those lacking 
H2A.Z did not (Supplementary Fig. 10, black plot versus red grace) 
‘Third, within any class of genes except those having an Inr, H2A.Z 
nucleosomes adopted a more canonical organization than the bulk 
set of nucleosomes (Supplementary Fig. 11). These results suggest 
that transcription and the presence of H2A.Z are linked to an open 
and uniform chromatin architecture at promoter regions. 


DNA motif 


Recent genome sequencing of 12 Drosophila species of differing evolu 
tionary distance has provided an unprecedented opportunity to 
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identify conserved DNA sequence motifs”. By comparing the distri- 
bution of motifs around the TSS", we found four recurring patterns 
27 motifs were classified as nucleosomal’, 57 s'anti-nucleosomal’, 12 
as'fixed’, and 98 as‘random’ (left panels in Fig. 2a and Supplementary 
Fig. 12). Nucleosomal and anti-nucleosomal patterns matched the 
general distribution of where nucleosomes were relatively enriched 
or depleted, respectively, relative to the TSS (see Fig. 1b). Fixed ele 
ments were ata defined distance from the TSS, and random elements 
lacked patterning. The nucleosomal and anti-nucleosomal patterns 
suggest that certain motifs are organized to be downstream of the 
TSS in the midst of nucleosomal arrays, whereas others are organized 
to be upstream of the TSS, where nucleosomes are relatively depleted. 
We examined the organizational relationship of these DNA motifs 
to individual H2A.Z nucleosomes within the whole genome (right 
panels of Fig. 2a and Supplementary Fig. 12, and all motifs in Fig. 2b). 
Notably, nucleosomal motifs were consistently enriched on the 
H2A.Z nucleosome surface, whereas anti-nucleosomal motifs were 
consistently depleted. Individual fixed motifs were mostly depleted 
of H2AZ nucleosomes. Thest findings along with several controls 
(Supplementary Fig, 13) suggest that motifs and nucleosomes adopt 
4 preferred organization around each other, regardless oftheir geno: 
mic location. This organization could be linked to co-evolution of 
base sequence composition bias in and around nucleosomes. The 
functional importance of such context remains to be determined. 


Nucleosome-positioning sequence: 
We examined'whiether the positions of Drosophila H2A.Z nucleo 
somes are abJeast partly defined by the underlying DNA sequence 
pattern, and investigated whether such a pattern might be evolutio 
fnarily cOnserved. We determined the frequency of dinucleotides 
actoss Drosophila H2A.Z, nucleosomal DNA because 10-bp period’ 
patterns of certain dinucleotides enhance the wrapping and position 
ing of DNA around the histone core (Fig, 3a and Supplementary 
Fig. 14). As seen in Saccharomyces, 10-bp periodic patterns of A 
and/or T (A/T) dinucleotides running counter-phase to G/C dinu: 
leotides was observed. The modest amplitudes of the pattern suggest 
that such periodicities are infrequent, and are thus used selectively 
(that is, most nucleosomes lack underlying positioning signals), 

We further investigated the rules of nucleosome positioning by 
scanning promoter regions for correlations to nucleosome position 
ing sequences previously identified for a relatively small number of 
‘in which AA/TT (yeast and worms") or 
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arrangement across nucleosomal DNA. Unlike in yeast, the AA/TT 
positioning pattern failed to identify nucleosome locations (Fig. 3b, 
black trace). However, the CC/GG pattern (Supplementary Fig. 15) 
reproduced the exact position of the +1 nucleosomes (Fig. 3b, 
red trace), indicating that the Drosophila +1 nucleosome may be 
positioned in part by CC/GG-based positioning sequences that are 
used preferentially in metazoans. Consistent with this, +1 nucleo. 
somes are highly positioned around the 5’ end of genes (Supplemen 
tary Fig. 16). 


‘The ends of genes are nucleosome-free 
Despite H2A,Z, being enriched at the 5’ end of genes, substantial 
levels were detected throughout the genome, which allowed us to 
examine nucleosome organization at the 3’ end of genes (Fig. 4a 
and Supplementary Fig. 17a). Notably, H2A.Z nucleosome levels 
spiked near the open reading frame (ORF) end points and thi 
dropped precipitously further downstream into the intergenic 
regions, where transcripts terminate, The spike occurred ~30bp 
upstream from the stop codon and ~160 bp upstream of the tran. 
script poly(A) site, A similar nucleosome drop-off was seen when 
bulk nucleosomes were examined (Supplementary Fig. 17), but was 
not evident at genes that lacked H2A.Z. Thus, like the 5’ end, the 
presence of H2A.Z may be linked to a more open cl archi: 
tecture at the 3’ end of genes, The change in nucleosome densit 

coincided with alterations in nucleosome positioning sequences 
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underlying DNA sequence. Conceivably, 3 NFRs might function in 
transcription termination. 


RNA polymerase contacts the +1 nucleosome 
The location of the +1 nucleosome at the 5' end of genes is notable 
because its upstream border resides at approximately +62 (relative to 
the TSS), which is near where Pol II pauses during the transcription. 
To examine the potential linkage between Pol I pausing, 
and nucleosome positions, we first determined the genome-wide 
location of Pol Il in embryos at 1,956 putatively paused genes 
(Fig. 5). Pol Il was concentrated in a ~300bp region that peaked 
around +90, which overlaps the region bound by the +1 nucleo: 
some; this is consistent with other recent placements”®”, Indeed, the 
distribution of paused Pol Il, as directly measured by permanganate 
reactivity of thymines on a statistically robust subset of ~50 genes 
(yellow trace in Fig. 5a and Supplementary Fig. 18a), indicates 
that pausing occurs between +20 and +50, with the centre at +35 
(ref. 30). This high-resolution, permanganate footprinting data, 
which represents the mostdefinitiye means of assessing Pol II paus 
ing, places the front edge of Pol Il (~16bp downstream of the 
bubble”) within ~10)bp of thet nucleosome border 

The location of thé +1H2A.Z nucleosome was similar (but not 
identical) whether or not palised Pol II was present (Fig, 5b), indi: 
cating that Pol II was ot likely to be the cause of the nucleosome shift 
compared to Saccharomyces. Instead, the positioned +1 nucleosome 
might be contributing to Pol Il pausing, which is consistent with 
other studies"®"". Other factors including negative elongation factor 
(NELE) are likely to make significant contributions to pausing as 
well 


Intriguingly, genes that contained a paused Pol II showed a ~10 bp 
downstream shift of H2A.Z nucleosomes (P-value = 10”*; Fig. 5b). 
werved if H2A.Z sequencing reads (rather than 
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Figure 3 | Positioning properties of Drosophila nucleosomes and DNA. 
4, Composite distribution of WW (AA, TT, AT and TA represented by a 
black trace) and SS (GG, CC, GC and CG represented by the red trace) 
dinucleotides along the 147-bp axis of nucleosomal DNA (P-value, 0). The 
equivalent yeast profile is shown in light shading in the bas 

», Average correlation of all Drosophila promoter regions to nucleosome 
positioning sequence (NPS) patterns, comparing an AA/TT and a CC/GG 
pattern. The distribution of H2A.Z nucleosomes from Fig. 1b is shown as a 
grey backdrop. The span of the +1 nucleasome is indicated by the red 
horizontal bar. 
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nucleosomes) or bulk nucleosomes are plotted (Supplementary Fig. 
19a, b). The shift suggests that, as part of the pausing process, Pol II 
collides with the +1 nucleosome, possibly displacing it downstream 
by one turn of the DNA helix. If the downstream nucleosomes are 
positioned mainly by the principles of statistical positioning™*", 
rather than the underlying DNA sequence, then a shift of the +1 
nucleosome is expected to have a ripple effect on downstream 
nucleosomes, 

To test the prediction that Pol II is engaging the +1 nucleosome, 
bulk were prepared from formaldehyde 
crosslinked embryos and immunoprecipitated with antibodies 
directed against Pol Il. DNA corresponding to mononucleosomes 
(~150bp) was gel-purified and mapped to the entire Drosophila 
genome with high-resolution tiling arrays. Figure Sc (black trace) 
shows that the distribution of nucleosome-Pol II crosslinking at 
Pol II-paused genes peaked at the +1 nucleosome. This was not seen 
at genes lacking a paused Pol Il or H2A.Z, The selective enrichment at 
+1 demonstrates that Pol I! is predominantly engaged with the +1 
nucleosome, and therefore the +1 nucleosome may be instrumental 
in establishing the paused state 


Conclusions 
‘The high resolution map of Drosophila nucleosomes reveals evolu: 
tionarily conserved and divergent principles of nucleosome organi 
zation. Genes that possess H2A.Z. nucleosomes are likely to have 
experienced a transcription event, They tend to have nucleosome 
free promoter and termination regions and intervening arrays of 
uniformly positioned nucleosomes that become less uniform 
towards the 3” end of the gene, H2A.Z nucleosomes in general might 
not block assembly of the transcription machinery at transcription 
ally ‘experienced! promoters. However, repressed promoters oF those 
containing Inr elements do seem to have an H2A nucleosome over 
the TS: 
Conserved DNA sequence motifs (and thus any proteins that bind 
to them) tend to have an organizational relationship with nucleo 
somes. ‘Anti-nucleosomal’ motifs including those for proteins such 
as engrailed, even skipped, fushi tarazu, giant, hunchback and knitps 
tend to be located upstream of the TSS and might contribute'to the 
exclusion of nucleosomes over the core promotersiindeed some 
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Figure 4 | H2A.Z nucleosomal organization around the3’ end of Drosophila 
sent ‘omposite distribution of nucleosomes relative to ORF end 
points, Also shown is the distribution of transcript termination sites 
(poly(A) sites) in red. Nearby genes were eitherincluded (grey) or eliminated 
(black) from the analysis. b, Average correlation of all Drosophila gene 
terminal regions to AA/TT or CC/GG NPS patterns. The nucleosome profile 
from a is shown as a grey backdrop. 
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have anti-nucleosomal activity‘. ‘Nucleosomal’ motifs include 
sites for achaete, antennapedia, dorsal, tramtrack and others. Their 
preference for locations downstream of the TSS where nucleosomes 
are well organized raises the possibility that they contribute to 
nucleosome organization, 

In Saccharomyces, the location of the TSS just inside the +1 
nucleosome border allows the nucleosome potentially to exert 
control over initiation; however, in Drosophila, most genes might 
position the +1 nucleosome to interact with a transcriptionally 
‘engaged paused polymerase, It is not known whether the +1 nucleo 
some is causative or just participatory in the pausing. It is now 
becoming clear that metazoans also regulate transcription through 
Pol Il pausing rather than solely through transcription complex 
assembly"”'*** The nucleosome map and its context to DNA regu- 
latory elements, presented here, provides a framework for designing 
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Figure 5 | Distribution of Pol Il and Pol tl-engaged nucleosomes around the 
5" end of genes. a, Genome-wide location of ‘paused’ Pol II relative to the 
‘TSS. Chromatin immunoprecipitation (ChIP)-chip genomic profiling of 
Pol Il was conducted on Drosophila embryos. The black filled plot shows the 
distribution of Pol IL at 1,956 ‘paused’ Pol I genes (see Methods). The yellow 
trace shows the distribution of permanganate-reactive thymines (an 
indicator of pausing) in 50 genes that undergo pausing™. The distribution of 
Pol Il at these 50 genes is similar to the bulk profile (Supplementary Fig. 

HAZ nucleosomal distribution at 1,956 genes that contained 
‘paused! Pol IL. The ‘not paused’ class represents those for which Pol [Lis 
cither absent or not paused. ¢, Distribution of Pol II-bound nucleosomes. 
Pol II ChIP was performed on bulk MNase-digested mono-nucleosomal 
DNA and hybridized to genome-wide tiling arrays. The three traces include 
distributions at 1,956 Pol II ‘paused’ genes and control distributions either 
{at 788 genes that have ‘no H2A.Z’ within 1 kb of the TSS or at 8,736 genes of 
the ‘not paused! class. 
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experiments and analysing existing data to understand how metazo- 
‘ans regulate transcription. 


METHODS SUMMARY 
_D. melanogasterembryos (0-12 h) were collected and crosslinked with formalde 
hyde. H2A.Z was immunoprecipitated from chromatin digested with MNase. 
‘Mononucleosomal DNA was gel-purified and sequenced using Roche GS20/FLX 
pyrosequencing technology'*”. Chromatin from crosslinked embryos was also 
solubilized by sonication and/or MNase digestion, where indicated, and Pol 

Immunoprecipitated. Bulk nucleosomes were not immunoprecipitated. MNase- 
treated samples were gel-purified in the 75-200 bp range. DNA samples were 
ing microarrays (36 bp average 


probe spacing). 


Full Methods and any associated references are avalable inthe online version of 
the paper at www. nature.com/natur. 
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METHODS: 
gg collection, dechorionation, crosslink and nuclei preparation. Eight grams 
of Oregon R embryos 0-12h old were collected and crosslinked at a time, 
similarly to what has been described previously. The embryos were dechor- 
fonated for 905, washed, and equally divided into eight 50 ml tubes containing 
10 mI ChIP-FIX (50 mM HEPES, pH 7,6, 100 mM NaCl 0,1 mM EDTA, 05 mM 
EGTA, 2% formaldehyde) and 30 ml heptane. Thetubes were vigorously shaken. 
{for 15 minat 25 °C and then centrifuged at 1,500 for | min at 25 'C, followed by 
the removal of the aqueous layer. The embryos were washed as fllows:once with 
PBS + 0.01% ‘TritonX-100 +0.125M glycine, and twice with PBS + 0.01% 
‘TritonX-100. For each wash, 10 ml ofthe indicated buffer was added, the tubes 
were shaken for Imin and centrifuged as before, and the aqueous layer was 
removed (except after the last wash, in which the heptane was also removed). 
‘The embryos were washed once more with 20 ml PBS + 0.01% TritoaX-100. 

‘The crosslinked embryos were resuspended in 40 ml homogenization buffer 

(10mM HEPES, pH7.6, 03M sucrose, 10mM KCl, 1.SmM MgCl, 05 mM 
EGTA, LmM DPT, | mM sodium bisulphite, 0.2mM PMSE) in s dounce with 
10strokes of the lose pestle and 15 strokes of the tight pestle, while on ie. The 
sample was centrifuged at 2,000g for 10min at 4°C, the supernatant was 
‘removed, and the pellet was washed once in 10 ml NPS butler. Afler centrifuging 
at 16,000g for Smin at 4°C, the supernatant was removed and the pellet 
‘was frozen ln liquid nitrogen and stored at ~B0"C until ready for chromatin 
digestion, 
H2A.Z nucleosome preparations. See Supplementary Fig. 2 fora schematic of 
the procedure, MNase digestion of chromatin was cartied out similasly to 
‘what has been described previously’ Fifteen grams of embryos were thawed 
and resuspended, using a dounce, in a total volume of 36ml in NPS 
buffer + 1mM -mercaptocthanol. MNase (40 kU) was added to the sample 
‘and incubated for 2b at 25 °C on a rototorque. The sample was chilled on ice 
for 10min and EDTA was added to 10 mM final concentration to quench the 
digestion, The sample was then centrifuged at 15,000g for 10min at 4°C and 
the supernatant was discarded. The pellet was washed twice with 36: form- 
aldehyde (FA) lysisbuffer + SDS und centrifuged as before, discarding the super- 
natant each tine. 

‘To solubilize digested el 
ple was resuspended in 18 ml FA lysis buffer + SD: 
{iften 15-ml tubes, Two samples were sonicated simultaneously i « Diagenode 
Bioruptor on medium power for five sessions (each session consisting of 30 s ON 
nd 30 OFF). Samples were then transferred to 1.7-ml tubes and centrifuged 
16,0003 for 10 min at 4 °C. The pellets were discarded and the supernatants Were 
frozen at 20°C until ready for ChIP. 

The supernatants were thawed on ice and centrifuged at 15,000 for 10 i 
4'C to remove any debris, Solubilized digested chromatin fed 15 gaf embryos 
‘was combined and the volume was increased fourfold with FA Iysis buffer 0 
dilute out the SDS. After this, the chromatia was divided equallftnto five 15-ral 
tubes. To exch tube, 170 il anti-H2AZ. antibody’ was added and simples were 
incubated for 14h at 4°C on a rototorque. Chromatin waspre‘eleared by incub- 
ating with 115 pl bed volume Sepharose 4B (Amershatny17-0120-01) for 15 rio 
at 4 "Con rototorque. The resin was cesitifoyed at 2,0009¢for 3 min at 25°C, 
and the supernatants were transferred to a new tube containing 115 ul bed 
‘volume protein A-Sepharose (Amersham, 17-0780-01), Samples were incubated 
for 1.5 at °C on a rototorque. 

The resin was centrifuged at 1,000g for 2mimat 35 “C. The supernatants were 
removed and the resins were combined into two tubes and washed in series with 
the following buffers: twice with FA lysis buffer, twice with high-salt wash buffer, 
twice with FA wash 2 buffer, twice with FA wash 3 buffer, and once with TE 
(QOmM Tris-Cl, pH, ImM EDTA). For each wash, 15ml of the indicated 
buffer was added, the sample vas incubated for 5 min at 25°C on a rototorque, 
the resin wax centrifuged at 1,000g for 2min at 25 C, and the supernatant was 
discarded, Additionally, the resin was transferred to 4 new tube during the 
second FA lysis and FA wash 3 washes to reduce background. Finally, the res 
in each tube was resuspended in 5.85 ml ChIP elution buffer (25 mM Trizma, 
2mM EDTA, 0.2M NaCl, 0.5% SDS} and incubated for 15min at 65°C The 
resin was centrifuged and all cluates were combined in a single tube. 

‘The crosslinks were reversed and the ChIP DNA was isolated and gel-purified 
as described previously’ (sce Supplementary Fig. 3), with the exception that 
during gel-purification DNA fragments ranging in size from 100 t0 200 bp were 
excised. Gel-pusified DNA was subject to pyrosequencing using the Roche GS20/ 
FLX in accordance with the manufsctarer’s instructions. Raw sequencing reads 
can be accessed through NCBI Trace Archives TI SRAOOO2S3 under the 
Sequencing Center designation ‘CCGB'. Bulk downloads or specific queries of 
nucleosome positions can be accesscd from httpu/atlasbxpsu.cdal or 
Supplementary Table L 


atin, the sample was briefly sonicated. The sam- 
and equally divided into 
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H2AZ nucleosome mapping. Sequencing reads were aligned to the FlyBase 
D. melanogaster reference genome (release 5.2) using BLAST. Sequences were 
aligned to all regions with >90% identity. Aligned regions were denoted om 
the Drosophila genome browser (http://atlasbx psu.cdu) by the coordinate of 
‘each read midpoint. Because the entire nucleosomal DNA was sequenced, both 
nucleosome borders were identified, thereby allowing nucleosome positions 10 
bbe defined relative to each border: 73bp interior to each end. The clustered 
distribution of reads (bar graph) were smoothed at a coarse-grain level, a 
described previously’, using a value of 20 as the 'smoothing parameter’ (see 
‘Supplementary Fig.2). The smoothing included adjustments of bar heights (read 
locations) in proportion to empirical determinations of MNase bias at each cut 
site (Supplementary Fig, 4). Nucleosome positions were defined as the closest 
‘genomic coordinate to the peak of the smoothed distribution. Three coarse- 
‘grain determinations were made using: only the Watson (W) strand, only the 
Crick (C) strand, and both strands, The error between the W and C calls is 
presented in Supplementary Fig, 7. 

‘Analysis was performed on only those 112,750 nucleosomes that were defined 

bby three or more reads, although virtually identical patterns (and conclusions) 
‘were achieved when all H2A.Z nucleosomes (defined by one or more reads) were 
included (data not shown). Nueleosome fuzziness (Supplementary Fig. 16) was 
calculated as the standard deviation for the set of reads for which midpoint 
locations (defined above} resided withla 73 bp of the coarse-grain nucleosomal 
midpoint. 
Nucleosome distribution profiles. The annotation of all Drosophila features 
(TSS included) were downloaded from FlyBase release 5.2 ({ip://fp Aybar, 
net/genomes/dimel/dmel_+5.2_#82007_01/fasta). ‘The TSSs are annotated in 
the feature tramsetipts, and ¥epreseat both experimental and computationally 
derived detefminatiows, Only 3,419 (~24% of total) messenger RNA genes have 
alternative transcripts,mnany of which have the same'TSS but with variant exon 
and intron strugsure, fo remove the redundancy, only the 5/-most TSS was used 
ln thigstudipfor genes with alternative transcript, This eliminates TSSs located 
Intermal to genes, However, indistinguishable results were obtained when we 
swied the 3'-most TSS for each gene (data not shown). The facts that 
Saccharomyces and Drowphila TSS annotations were each derived from 
‘ithiple laboratory sources, include both experimental and computational 
predictions, are internally consistent (yielding robust nucleosome landscape 
patterns), and are widely used, would indicate that there is unlikely to be a level 
‘of random or systematic error in the annotations that would lead to the offset of 
the nucleosome landscape reported in Fig. 1b. 

Im Fig. 1b, only those genes with a +1 H2A.Z nucleosome were examined, 
though essentially the same result was obtained when all genes were examined. 
In Fig. 4a, only those genes with an H2AZ nucleosome within 1 kb of the ORF 
‘end were examined, although essentially the same result was obtained when all 
‘genes were examined. 

Regions located internal to or within S00bp of « nearby gene were removed 
from the analysis, except where indicated, to minimize potential influence from 
nearby genes. A minimum of 300 bp in either direction ofthe reference feature 
‘was analysed. None of these filters substantially affected the distribution of the 
data or conclusions. Equivalent filters were applied to the other data sets 
(described below). Nucleosome distances from the reference feature were binned 
in. 10-bp intervals. Bin data were normalized to number of regions represented in 
‘each bin, and smoothed using a maving average. The sie of the moving average 
(typically between three and eight bins) was se to provide the optimal balance 
between signal and noise for purposes of visual display. The size of moving 
average within the chosen range had no effect on the conclusions drawn. 

For Fig. sb, nucleosome positions for 1,956 paused’ genes were binned (10-bp 
bins) and plotted asa three-bin moving average. The number of genes used inthe 
“not-paused’ class was 8,736. This number includes genes that either lack Pol ll or 
Jack a ‘paused! Pol I A paired t-test confirmed that the ‘paused! pattern isnot a 
subset of the'not-paused! pattern (P-value, 10°"), and that it is shifted from the 
“not paused’ pattern (P-value, 10-*). 

Preparation of bulk nucleosames. Nucleasomal DNA from 3 of Oregon R 
‘embryos (0-124 old) was prepared similarly to H2A.Z nucleosomal DNA a 
described abave, withthe following change. After sanication, solubilized DNA 
‘was treated with an equal volume of 6M urea, and was then dialyzed for 20-24 
‘against 100-fld volume of FA lysis buffer + 0.05% SDS at 4 C (SpectraPor 
membrane, 6,000-8,000 molecular weight cut-off, 632650). This treatment 
ceahanced the recovery of Pol I! during immunoprecipitation (sce belov). A 
sample of this material was gel-purified (the remainder yas subjected to Pol It 
immunoprecipitation), and as then amplified by ligation-mediated poly- 
‘merase chain reaction (LM-PCR). The bulk nucleosomal DNA was amplified 
by LM-PCR and hybridized to Affymetrix GeneChip Drosophila tiling 1.08 
arrays, cach of whick contains about 3 million oligonucleotide 25-bp probes hat 
‘cover the eachramatic portion af the genome at an average resolution of about 
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ane per 36bp. Bulk nucleosome mapping data were analysed using the ‘model- 
based analysis of ikng arrays’ (MAT) program, asing the following settings: 
bandwidth 70bp, minimum probe count 3, MaxGap 147 bp (which reflects the 
nucleosomal DNA length), 25-mer probe and 36bp average probe separation. 
Interval cutoff was set 1 a P-value of 1% 10° We developed a peak detection 
Algorithm tha iteratively selects the maximal, non-overlapping peaks based on 
the MAT score assigned to the peobe. The script is available on request. A total 
‘genome-wide count of 415,119 nucleosomes was obtained by these criteria 
(Supplementary Table 5) 

HAZ correlation to messenger RNA expression. Data in Fig. le were pre- 
viously normalized to 0-1 expression to control forthe presence of maternal 
RNA", Shown is a moving median of 300 gene windows from 7.657 genex 
Similar profiles were obtained when only the H2A.Z read count in the +1 
nucleosome was considered, or if the genic read count was normalized to gene 
length (not shown). 

DNA motif distribution. The 194 motifs were obtained by combining the novel 
motifs and known transcription factor (TF) motifs from a previous report” 
‘Three motifs were excluded owing to rare occurrences (twin of eyeless recog- 
nition motif, TGGAGGDGGWAHTMATBVRTGWDD DRKKMWs_ glass 
recognition motif, CAATGCACTICTGGGGCTTCCAC: and abnormal chemo- 
sensory jump 6 recognition motif, TGCATAATTA. ATTAC), Four short or 
highly degenerate motifs (prospero recognition motif, CWYBDCY; apterous 
recognition motif, TAAT; mitochondrial transcription factor A recognition 
motif, TTATS; and brie a brac 1 recognition motif, WHWWWWWW- 
WWEK) caused computational failure owing to over-abundance. Theie loca- 
tions were therefore restricted to within =1kb ofthe TSS. 

‘On the bass ofthe motif consensus sequences all eccurrences ofeach motif 
were identified on both strands actoss the entire fly genome. Palindromsic motifs 
were only searched on one strand. Motif midpoint distances to the TSS were 
«calculated and binned (size = 10bp). Bin counts were smoothed using a seven- 
bin moving average and plotted in Fig. 2h and Supplementary Fig. 12. Each motif 
was classified into one of four classes on the basis of visual inspection of the 

ofles (Supplementary Table 4), as shown in Fig. 2. To devive the values in 

b, bin counts Were normalized tothe average bin count from =1 kb of the 
‘and then logs transformed, The frequency of each motif distance from an 
112A nucleosome midpoint located throughout the entire genome was mea- 
sured in the same manner. Several negative controls were performed as described 
in Supplementary Fig. 13. 

GAGAG site identification. ‘The D, melanogaster genome (15.2) was scained 
for GAGAG motif that resided within 20bp of another GAGAG motif 
(Supplementary Table 3), because they tend to co-occur™”. Such clusters were 
binned in 20-bp intervals based on the distance from the TSS. Binned dataere 
smoothed using afiv-bin moving average. Clusters that were within 300 by of 
an adjacent gene were removed from the analysis (which had little effet. on the 
distribution). 

GAGA-associated factor binding. ChIP-chip data for genome-Wlie GAF were 
obtained from ref. 30, and represent GAGA-assocated {C10F (GAF) Binding in 
Schneider 2 cells as detected by Affymetrix Drosophila tiling LoRlarrays Signal 
Analysis, interval analysis and peak calling were performed using MAT soft- 
‘ware, The bandwidth value was 70 and the MaxGap Valu€Was 150 p, and 
peaks were called using a 1% false-discoyery rate threshold. The distance from 
the'TSS was calculated for the 2.903 GAB peaks above 41% fale-discovery rate 
threshold, The GAF composite distributiow profile was generated by binning 
these distance values in 20-bp intervals for aligns that contain a GAF peak 
within 1 kb ofthe transcription start site. The data weresmoothed usingan eight- 
bin sliding window average in one-bin steps. 

Dinucleotide frequencies. To survey forall 16 dinucleotides across nucleosomal 
DNA, we used al 7,600 nucleosomal DNA sequences that were exactly 147 bp 
long. Dinucleotide counts were performed in the5'-3' direction on both strands 
and were summed, Data were smoothed using a Sbp moving average, except 
position +73 and +72 at which I bp and 2bp moving averages, respectively, 
were used. 

Nucleosome-positioning sequences. Correlation profiles were calculated as 
described elsewhere, using the AA/TT dinucleotide pattern obtained pre- 
viously. We also used a Drosophila-specfic pattern in which the AA/TT dinu- 
cleotide pattern was derived feom the top 1,000 most well positioned H2A.Z 
nucleosomes, representing <1% of ll nucleosomes, and obtained essentially the 
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same result (data not shown). The CC/GG pattern was derived from the same 
nucleosome set used to derive the AA/TT pattern. This pattern is shown in 
Supplementary Fig. 15. The Drosophila pattern represents dinucleotide posi- 
tional frequency profiles dyad-symmetrized as described previously", In all 
cases, the sumber of nucleosomes used to define the search pattern represents 
‘<1% of all nucleosome locations, and therefore the nucleosomes used in the 
search pattern are expected to contribute <1% to resulting genome-wide cor- 
relation profiles. 
Genome-wide mapping of RNA polymerase 11. The genome-wide distribution 
of Pol it was determined as described elsewhere”. In brief, stage-I4 embryos 
were crosslinked with formaldehyde; chromatin was isolated by CsCl, gradient 
‘ltracentrifugation and sonicated: and Pol It was immunoprecipitated using the 
W616 antibody (Covance) against the C-terminal domain of the Pol It large 
subunit. The Pol ff ChIP and control ChtP DNA samples, along with DNA 
prified fom input chromatin samples, were amplified and hybridized to 
Affymetrix GeneChip Drosophila tiling 1.08 arrays. The ChIP-chip data were 
analysed using TIMAT—softwate developed by the Berkeley Drosophila 
Transcription Network Project™. The number of PollI-crosslinked regions 
was 4286, and were identified by genome-wide analysis at a 1% false 
discovery rate based on the symmetsic null distribution method of TIMAT 
(Supplementary Table 6). These regionywvere ranked on the basis of the peak 
window score ofeach region, Within these regions, peaks of Pol I were located 
using the Mpeak algorithm’. All parameters for Mpeak were set atthe default, 
xcept forthe ‘Largest searchirange’s which was reduced to 1.0kb. 1,956 genes 
were found to contain at least oaePo! 1 Mpeak within 1 kb ofa TSS, and no Poll 
Mpeak between +1kbjand the end of the gene. These genes are defined as 
putative Pol H-paused genesPol I! locations in Fig, 5a were binned in 20-hp 
intervals. Eightsbin moving averages were generated and plotted asa fille line 
sraph. Essentially the samte result was obtained when all genes were examined 
(not shown). 8736 genes lacked a Pol I! Mpeak anywhere in the transcription 
unit, of #hieh3,742 contained Pol If croslinked regions somewhere in the body 
of the gene, and/A,994 lacked significant Pol I binding 
Genomewide mapping of nucleosomes bound to RNA polymerase Il. 
Material thatgwas accumulated before gel purification of bulk nucleosomes 
(sce above! was incubated for 16-18h at 4°C with 54 anti-Rpb3 antibodies 
(raised tsabbit), and immunoprecipitated as described for H2A.Z Immuno- 
precipitated DNA was not detected in the absence of antibody or i the absence 
fof crolinking (not shown). Eluate DNA seas gel-partied i the size range of 
5-200bp, and 30ng DNA was amplified by LM-PCR (primer sequence, 
CCOGGGAGATCTGAATTC), Two biological replicates were pre~ 
pared for hybridization with the GeneChip WT Double-Stranded DNA 
Terminal Labelling Kit (Affymetrix 900812) using the manufacturers recon 
‘mended protocol, and hybridized to Affymetrix GeneChip Drosophila tiling 1.08 
arrays. Nucleosome-Pol It interaction data were analysed using MAT, ax 
described above for the bulk nucleosome analysis. A total genome-wide count 
of 42,969 Pol t-crosslinked nucleosomes were obtained using this criteria 
(Supplementary Table 7). The distribution of these nucleosomes relative to 
the TSS is displayed in Fig. Sc, and represents the average af two biological 
replicates. The nucleosome count data were binned in 10bp and further 
smoothed using a three-bin moving average. 
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Attributing physical and biological impacts 
to anthropogenic climate change 


Cynthia Rosenzweig', David Karoly’, Marta Vicarelli', Peter Neofotis', Qigang Wu’, Gino Casassa', 
Annette Menzel’, Terry L. Root’, Nicole Estrella’, Bernard Seguin’, Piotr Tryjanowski", Chunzhen Li 
Samuel Rawlins'’ & Anton Imeson' 


Significant changes in physical and biological systems are occurring on all continents and in most oceans, with a 
concentration of available data in Europe and North America. Most of these changes are in the direction expected with 
warming temperature. Here we show that these changes in natural systems since at least 1970 are occurring in regions of 
observed temperature increases, and that these temperature increases at continental scales cannot be explained by natural 
climate variations alone. Given the conclusions from the Intergovernmental Panel on Climate Change (IPCC) Fourth 
Assessment Report that most of the observed increase in global average temperatures since the mid-twentieth century is 
very likely to be due to the observed increase in anthropogenic greenhouse gas concentrations, and furthermore that it is 
likely that there has been significant anthropogenic warming over the past 50 years averaged over each continent except 
Antarctica, we conclude that anthropogenic climate change is having a significant impact on physical and biological systems 
globally and in some continents. 


The IPCC Working Group Il Fourth Assessment Report found, with and productivity, including shifts from cold-adapted to. warm 


very high confidence, that observational evidence from all continents adapted communities, phenological changes and alterations. in 
and most oceans shows that many natural systems are being affected. species interactions" 

by regional climate changes, particularly temperature inc 

The Working Group II further concluded that a global assessm Detection and attribution in natural systems 


of data since 1970 shows that anthropogenic warming. is likely 
(66-90% probability of occurrence) to have had a discernible 
influence on many physical and biological systems. Here we expand 
this assessment with a larger database of obseryed changes and 
extend the attribution from the global to the continental scale using 
multiple statistical tests, We also consider the partthat other driving 
forces, especially land-use change, might have played at the study 
locations. 

Observed responses to climate chilfigeare found across a wide 
range of systems as well as regions. Changes related to regional 
‘warming have been documented. primarily in terrestrial biological 
systems, the cryosphere and hydrologic systems; significant changes 
related to warming have also been studied in coastal processes, 
marine and freshwater biological systems, and agriculture and 
forestry (Fig. 1). In each category, many of the data series are over 
35 years in length. 

Responses in physical systems include shrinking glaciers in every 
continent’, melting permafrost", shifts in the spring peak of river 
discharge associated with earlier snowmelt”, lake and river warming 
with effects on thermal stratification, chemistry and freshwater 
organisms™"! In biological 
systems, changes include shifts in spring events (for example, leaf 
unfolding, blooming date, migration and time of reproduction), 
species distributions and community structure. Additionally, 
studies have demonstrated changes in marine-ecosystem functioning 


and increases in coastal erosion‘. 


Following the definition of attribution of observed changes in the 
climate system™, changes in physical and biological systems are 
attributed to regional climate change based on documented 
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Figure 1 | Data series of observed changes in physical and biological 
‘systems. Length of the data series and types of observed changes in physical 
and biological systems. COST725 data series of terrestrial biological changes 
(© 28,000 European phenological time series") were measured over 30 years 
(1971-2000; not displayed). 
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statistical analyses confirmed by process-level understanding in 
the interpretation of results. For example, a statistical association 
between poleward expansion of species’ ranges and warming 
temperatures is expected when temperatures exceed physiological 
thresholds, The observed changes in both climate and the natural 
system are demonstrated to be: unlikely to be entirely due to natural 
variability: consistent with the estimated responses of either physical 
or biological systems to a given regional climate change; and not 
consistent with alternative, plausible explanations of the observed 
change that exclude regional climate change. 

‘Attribution of changes in natural systems to anthropogenic warm. 
ing requires further analysis because the observed regional climate 
changes must be attributed to anthropogenic causes. Combining these 
two types ofattribution, called ‘joint’ attribution’, has lower statistical 
confidence than either of the individual attribution steps alone. 

‘One approach to joint attribution, which uses what may be called 
an ‘end-to-end’ method, has already been conducted in several 
studies of specific physical and biological systems, This approach 
involves linking climate models with process-based or statistical 
models to simulate changes in natural systems caused by different 
climate forcing factors, and comparing these directly with observed 
changes in natural systems. When temperature data from the 
HadCM3 global climate model were used to examine the likely cause 
for changes in the timing of spring events of Northern Hemisphere 
wild animals and plants, results show the strongest agreement 
when the modelled temperatures were derived from simulations 

ncorporating anthropogenic forcings”. Other similar studies have 
shown that the retreat of two glaciers in Switzerland and Norway 
cannot be explained by natural variability of climate and glacier mass 
balance’, that observed global and Arctic patterns of changes in 
streamflow are consistent with the response to anthropogenic climate 
change", and that the observed increase in the area of forests 
burned in Canada over the last four decades is consistent with the 
response caused by anthropogenic climate change”. 

Here we conduct a joint attribution study across multiple physical 
and biological systems at both the global and the continental scale. 
We demonstrate statistical consistency of observed changes\(which 
are very unlikely to be caused by natural internal variability of the 
systems themselves or other driving forces) in natural.systems with 
warming and conduct spatial analyses that show that the agreement 
between the patterns of observed significant changes, in natural 
systems and temperature changes is very unlikelyite, be Caused by 
the natural variability of the climate (Supplementary Fig. 1). 
Combined with the attribution of global and) continental-scale 
warming to anthropogenic climate forcingidemonstrated by IPCC 
Working Group 1 Fourth Assessment Report, this analysis provides 
strong support for joint attribution of observed impacts. 


Consistency with warming 
Based on a database of documented responses in physical and bio- 
logical systems from 1970 to 2004, temperature-related changes have 
been observed in all continents. Each documented response is a 
‘statistically significant’ signal that is beyond the natural internal 
variability of those systems. The largest numbers of entries in the 
database are for Europe and North America, followed by North 
Central Asia (Fig. 2). Sparse evidence of responses related to tempe- 
rature changes exists in Latin America, Africa and Australia. Physical 
and biological systems in regions without data series may or may not 
be changing, but are not documented in peer-reviewed literature. 
Most (about 90% of the >29,500 data series, P<: 0.001) changes 
in these systems at the global scale have been in the direction expected 
as. response to warming, Ninety-five per cent of the 829 documen- 
ted physical changes have been in directions consistent with warm- 
ing, such as glacier wastage and an earlier spring peak of river 
discharge. For biological systems, 90% of the ~28,800 documented 
changes in plants and animals are responding consistently to 
temperature changes (mostly by means of earlier blooming, leaf 
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unfolding and spring arrival). Warming in oceans, lakes and rivers 
is also affecting marine and freshwater biological systems (for 
example, changes in phenology, migration and community composi- 
tion in algae, plankton and fish). 

‘An evaluation of possible publication bias has been undertaken 
using comprehensive phenological network data in Europ. 
which a systematic analysis of all available records (for example, 
leafing and flowering) documented the percentages of data series that 
are not changing and of significant changes in both directions (for 
example, in spring, in 669% there is no significant change, in 31% the 
onset dates are significantly advanced, and in 3% the onset dates are 
significantly delayed). The percentage of data series with significant 
changes consistent with warming found in Europe (~90%) is close to 
that found in North America and Asia, providing an indication that 
the database may represent an unbiased sample of changes in both 
directions in those continents. 


Spatial analyses at global and continental scales 
The IPCC Working Group I Fourth Assessment Report concluded 
that most of the observed increase in global average temperatures 
since the mid-twentieth centuryis very likely (> 90% probability of 
occurrence) to be due foithe observed increase in anthropogenic 
greenhouse gas concentrations”. It is very likely that the observed 
‘warming patterns cannot be explained by changes in natural external 
forcing factors, suchjas changes in solar irradiance or volcanic aero- 
sols; the latter is likely to have had a cooling influence during this 
period, 

‘At the Blobal sale, agreement between the pattern of observed 
changes in physical and biological systems and the pattern of 
obgerveditemperature change holds for two different gridded tem- 
perature data sets and two different pattern-comparison methods, 
and isvexceptionally unlikely (P<€ 0.01) to be explained by natural 
internal climate variability or natural variability of the systems; the 
Jatter is determined in the individual studies (Fig. 3). The spatial 
€oherence of temperature trends across the globe is taken into 
account in these pattern comparisons using more than 3,000 years 
of climate model simulation data, The prevalence of observed 
statistically significant changes in physical and biological systems in 
expected directions consistent with anthropogenic warming in every 
continent and in most oceans means that anthropogenic climate 
change is having a discernible effect on physical and biological sys- 
tems at the global scale. 

For the first time, IPCC Working Group I Fourth Assessment 
Report extended its attribution of temperature trends to the con 
rental scale, concluding that itis likely that there has been significant 
anthropogenic warming over the past 50 years averaged over each 
continent except Antarctica”. Similarly, a discernible anthropogenic 
influence is found in changes in natural systems in some continents 
where there is sufficient spatial coverage of responses in natural sys- 
tems, including Asia and North America, and marginally in Europe. 
In these continents, there is a much greater probability of finding 
coincident significant warming and observed responses in the 
expected direction. Despite the presence of strong climate variability 
related to the North Atlantic Oscillation in Europe as well as its 
relatively small size, which makes it harder to distinguish signal from 
noise”, the plethora of evidence allows a signal to be detected, pri- 
marily in biological systems. The statistical agreement between the 
locations and directions of observed significant changes in natural 
systems and observed significant warming across Asia and North 
America (P<0.05) and across Europe (P~0.1) is very unlikely to 
be due to natural variability alone (Fig. 3). Responses not consistent 
with warming observed in 5° * 5° grid cells with warming tempe- 
rature may be due to those systems responding to seasonal rather 
than recorded annual changes or to local cooling not represented in 
average cell temperatures; biological variation across species may also 
have a role (for example, late lowering species tend to be less affected 
by warming than earlier flowering ones). For the other continents, 
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the sparse coverage of observed response studies makes it difficult to 
separate the observed responses related to anthropogenic tempe- 
rature rise from those possibly caused by large-scale natural climate 
variations. 


Discussion and conclusions 
‘The wide variety of observed responses to regional climate trends in 
expected directions combined with the attribution of climate trends 
to anthropogenic causes at both global and continental scales™ 
demonstrates that anthropogenic climate change is already having 
a significant impact on multiple systems globally and in some con- 
tinents, Most observed system changes are found in the cryosphere 
and in terrestrial biological systems and are consistent with the func~ 
tional understanding and modelled predictions of climate change 
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impacts. The far fewer data series in Africa, Australia and Latin 
America are closely co-located with warming, but these cannot yet 
be attributed to anthropogenic climate forcing. 

The issues of other climate and non-climate driving forces are 
important, In considering other drivers of change for phenology, 
much of the evidence in plants comes from changes observed in 
the spring, Even though day length can have a modulating effect 
‘on spring phenology depending on the plant species, itis not a factor 
in these studies because species remain in situ for the length of 
the time series, during which day length has not changed. There 
is also the possibility that increasing CO, is directly influencing 
plant phenology; however, experimental results show no consistent 
direction of response (that is, an advance or delay)"*. Concerning 
trees, older trees tend to unfold leaves in spring later than younger 
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Figure 2 | Location and consistency of observed changes with warming. 
Locations of significant changes in physical systems (snow, ice and frazen 
ground as well as hydrology and coastal processes) and biological systems 
(terrestrial, marine and freshwater biological systems), and linear trends of 


na warming 


‘surface air temperature (HadCRUTS; ref. 35) between 1970 and 2004. 
Regions are based on data in refs 36 and 37, White areas do not contain 
‘sufficient climate data to estimate a trend. Note that there are overlapping 
‘symbols in some locations; Africa includes parts of the Middle East. 
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ones, so with longer time series on one specific object, the onset 
dates should become later with time owing to ageing, not earlier as 
observed owing to warming. Finally, some of the plant data, espe- 
ly in Europe, come from phenological gardens that have been 
protected from the direct effects of land-use change for decades. 

Land-use change, management practices, pollution and human 
demography shifts are all—along with climate—drivers of environ- 
mental change, Explicit consideration of these factors in observed- 
change studies strengthens the robustness of the conclusions, To 
determine the role of other driving forces in the data series used in 
this analysis, we assessed the likelihood of their having a direct effect 
on the observed system (see Supplementary Table 1). Out of the 
~29,500 data series documented in ~80 studies included in the 
database, effects documented in only 3 studies (9 data series in 4 
cells) were likely to have been caused by a driving force other than 
climate change (for example, habitat destruction, pollution or fishery 
by-catch disposal). Removing these data series from the statistical 
analyses does not change the results significantly. 

Land-use change can affect physical and biological systems 
indirectly through its effects on climate. Yet, for recent climate trends 
ona global scale, the effect of land-use change is small". In addition, 


NATURE|Vol 453/15 May 2008 


because these effects may result in warming in some regions and 
cooling in others (for example, agricultural expansion tends to warm 
the Amazon and cool the mid-latitudes)”», they are very unlikely to 
explain the coherent responses that have been found across the 
diverse range of systems and across the continental and global scales 
considered (Supplementary Table 2). Cooling in temperate regions 
occurs because the clearing of forests for agriculture may increase 
albedo during periods of snow cover, although recent afforestation 
may be dampening this effec. 

Documentation of observed changes in physical and biological 
systems in tropical and subtropical regions is still sparse. These areas 
include Africa, South America, Australia, Southeast Asia, the Indian 
Ocean and some regions of the Pacific. One reason for this lack of 
documentation might be that some of these areas do not have pro 
nounced temperature seasons, making events such as the advance of 
spring phenology less relevant, Other possible reasons for this imba- 
lance are a lack of data and published studies, lag effectsin responses, 
and resilience in systemseImproved observation networks are 
urgently needed to enhance data gets and to document sensitivity 
of physical and biological systems to warming in tropical and sub- 
tropical regions, where many developing countries are located, 
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with observed impacts and temperature data, the pattern congruence 
between locations of significant responses and standardized temperature 
trends (C.), and the probability (P) that pattern agreement could be 
explained by natural internal variability of temperature fields. 
Abbreviations: AFR, Africa; ANZ, Australia and New Zealand; AS, Asia; 
EUR, Europe; LA, Latin America; NAM, North America; NS, not significant. 
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METHODS SUMMARY 
We developed a database of observed changes in natural systems from pee 
reviewed papers, demonstrating a statistically significant trend im change in 
cither direction related to tempersture and containing data for at least 20 years 
between 1970 and 2004. Observations in the studies were characterized a5 2 
‘change consistent with warming’ or a ‘change not consistent with warming’ 
‘The databases of the observed significant changes in the natural systems were 
overlaid with two gridded observed temperature data sets and the spatial pat- 


terns ofthe observed system changes were compared with the observed temipe- 
‘ature trends using two different pattern-comparison measures. 


Full Methods and any associated references are available inthe online version of 
the paper at wiww nature com/nature. 
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METHODS 
Database of observed changes. We developed a database of observations from 
peer-reviewed papers (primarily published since the IPCC Third Assessment 
Report"), specifically documenting the data series in terms of system, region, 
longitude and latitude, dates and duration, statistical significance, type of 

pact, and whether or not land use was identified as a driving factor (see 
Supplementary Table 1). Data for the system changes were taken from ~80 
studies (of which ~75 are new since the Third Assessment Report) containing 
>29,500 data setes. Suidies were selected that demonstrate a statistically sig 
nificant trend in change in either direction in systems related to temperature oF 
to other climate change variables as described by the authors, and that contain 
data for at least 20 years between 1970 and 2004 (although study periods may 
fextend catlier or later). Observations in the studies were characterized as a 
‘change consistent with warming’ ofa ‘change not consistent with warming’. 
Spatial analysis, Databases of the observed significant changes ia the natural 
systems and the regional temperature trends over the peviod 1970-2004 were 
overlaid ina geographical information system. For Europe, even though there 
were verylarge numbers of observed response data series in some cll, these were 
counted ay single cells in the spatial analysis, Two different gridded observed 
temperature data sets were used: HadCRUTS (ref. 35) and GHCN-ERSST 
(ref. 39), both of which were used in the IPCC Fourth Assessment Report. In 
‘each 5° 5" grid cell, the observed system responses were assessed as consistent 
with warming oF not consistent with warming—based on a decision rule of 80% 
oor more of data series consistent with warming within a cell—providing a binary 
pattern of 183 (HadGRUT3) and 203 (GHCN-ERSST) cells across the globe. 
“There are fewer cells with temperature data inthe HadCRUTS dataset because it 
ges not use any infil of data from adjacent cells, ualike GHCN-ERSST. All 
cells with observed temperature data are included from each of the data set, 
Irrespective ofthe sign ofthe temperature trend. 

‘The spatial patirns ofthe observed system changes were compared with the 
observed temperature trends using two diferent pattern-comparison measures 
‘To assess the significance of these observed measures of pattera agreement, 
flobal emperature trend data were obtained from long control simulations with 
‘seven diferent climate models from the WCRP CMIP3 multi-mode! database at 
PCMDI, to represent the range of 35-year temperature trends across the globe 
resulting from natural climate variations. Details of the different models used are 
Included in Supplementary Table 3.The global temperature trend fells from the 
«imate models represent the spatial coherence and decadal variability of natal 
Internal temperature variations. 

"Two different patiern-comparison measures were used a binary pattern €be: 
sruence (uncentred pattern correlation) between the gridded binaf¥'fild of 
system responses consistent (oF not consistent) with warming and the gridded 
field of postive (or negative) temperature trends; and a pati €oogrucnce 
between the gridded binary field of system responses and the gridded ficld of 

ndacdized temperature tends (the 35-year temyperature trend divided by the 
andard deviation of 35-year temperature trends causedby natal internal 
climate variations). For each of these measures, the @bscewed. values for the 
two different observed temperature-trend data sets Werejgompared with the 

tributions obtained using temperature trends caused. by slaural internal 
<linate variability as represented by the date models. Significant attribution 
‘wasassigned when both spatial satisticaametbods and both temperature datasets 
showed significant results. Detailed results are presented in the Supplementary 
Information and are suramarized in the seetin ‘Spatial analyses at global and 
continental sales above. 


38. IPCC (ed) Climote Chonge 200: impacts. Adaptation and Vulnerablity 
Contribution of Working Group tothe Third Assessment Report tthe international 
one an Climate Change (Cambridge Univ. Press, Cambridge. UX. 2001), 

39. Smith, TM. Reynolds, R. W_A global merged and and sea surface temperature 
reconstruction based on historical observations (1880-1997). J, Clim. 18, 
2021-2036 (2005). 
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he much celebrated rise of inter inary science has an intuiti 
appeal. Institutions have been foolish and shortsighted, goes the 
rationale. Disciplines have been isolated for too long. Discoveries happen 
at the margins, where biological principles need insights from physicists 

and chemistry problems require input from biologists. Flouting convention is key. 

Yet some are sceptical about the true value of interdisciplinary centres. They 
argue that interdisciplinary is little more than a buzzword and that, as Rogers, 
Hollingsworth, a science historian at the University of Wisconsin-Madison, put it: 
“Large research organizations have an enormous amount of inertia, and individuals 
have a great vested interest in the way they were trained, and what they were doing 
yesterday" (see Nature 451, 872-873; 2008) 

As part of an infrastructure ‘arms race’, institutions run the risk of building 
cutting-edge interdisciplinary facilities to attract attention, funds and talent, but 
that produce little sound or novel science. Peer-review panels may not Soreadily 
recognize interdisciplinary accomplishments; tenure committees mayturn 
away candidates who have not specialized in a traditional field. Astthis week's 
feature details, young scientists looking for interdisciplinary training face various 
challenges, despite new graduate-school programmes (see page 422) 

But this view presumes that the primary track for yonginterdisciplinarians is 
academia. This is increasingly not the case. The number of academic positions has 
fallen in many countries, whether interdisciplinafVor otherwise, yet unemployment 
for scientists is at an all-time low. Those withscience degrees are readily 
employable outside academia (see Nature.452, 777; 2008). Positions in policy, 
industry and elsewhere need scientists; and knowledge of how fields intersect can 
be advantageous. Increasingly, societal problems that are linked to science — such 
as alternative fuels or vaccine development — require interdisciplinary points of 
view. Alumni of interdisciplinary centfes may have ample opportunities. If so, such 
centres could prove to be much more than a fad. 

Gene Russo is editor of Naturejobs. 
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Graduate students can be key links in 


interdisciplinary science, but training them for 


this role is a challenge, says Brian Vastag. 


sa master’s student in parasitology, Adriana 
Troyo became intrigued by dengue fever, a 
mosquito-borne disease that periodically 
flares up in her native Costa Rica. Troyo 
wanted to understand how geographical variation 
such as urban tree cover — affected the disease’s 
spread, She needed a PhD, but she wasn’t sure which 
academic department would be best as her interests lie 
at the intersection of microbiology, epidemiology and 
geography 
So she entered an interdepartmental PhD programme 
at the University of Miami in Florida. There, she helped. 
map ground-level mosquito data onto high-resolution 
atellite maps, The resulting risk maps’ help guide 
country-wide mosquito-control efforts, says Troyo, now 
4 professor of parasitology at the University of Costa R 


an Jose 
For Troyo, becoming an interdisciplinary scientist 
was natural move. But for many young scientists, 
boundary-busting can be daunting. Graduate schools 
and centres are still ooking for the right ways to train a 
new generation of interdisciplinary scientists who can 
both speak the language of multiple fields and maintain, 
enough expertise to take on cutting-edge problems. 


Beyond the buzzword 

Interdisciplinary’ has been a buzzword in science for 
at least 20 years. All manner of collaborations have 
sprung up — from pairs of researchers joining forces 
to state-of-the art dedicated facilities, such as Stanford 
University’s Bio-X centre in Palo Alto, California, 
Arizona State University’s Biodesign Institute in Tempe 
and Janelia Farm, a Howard Hughes Medical Institute 
centre that opened in Maryland in 2006, 

That same year, the University of Manchester, UK, 
opened its Interdisciplinary Biocentre (MiB),a USS68. 
million building able to house 75 research groups and 
‘more than 600 staff. University College London's 
CoMPLEX programme, launched in 1998, is moving into 
anew building in May. In Germany, the Max Planck 
institutes interdisciplinary efforts includean Institute for 
Dynamics of Complex Technical Systems in Magdeburg. 

According to an unpublished survey, 25-30% of 
science and engineering faculty members at major US 
research universities report an affiliation with an 
interdisciplinary venture of some sort. Survey author 
Barry Bozeman, a professor of public policy at the 
University of Georgia in Athens, is trying to understand 
how working at interdisciplinary centres affects 
researchers’ career trajectories. Thisis important 
because, until recently, administrators and researchers 
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had learned little about how these centres operate, ays 
Diana Rhoten, a programme director in the Office of 
Cyberinfrastructure of the US National Science 
Foundation (NSF 
Rhoten scrutinized the operations of six NSF-funded 
terdisciplinary centres. Her 2003 report, A Multi 
ethod Analysis of the Social and Technical Conditions 
for Interdisciplinary Collaboration, concluded, in part, 
that graduate students were the ‘bridges’ between 
disciplines. This bridging was particularly stark at one 
centre: remove the graduate students from the network 
map and only single-discipline islands remained, “Pre 
existing networks of scientists tend to cluster” says 
Rhoten, She is now wants to find out whether graduate 
students are merely running errands between faculty 
members, or whether they are really asking 
transdisciplinary questions and sparking 
collaborations. “I tend to believe ita combination of 
both’ says Rhoten. Young scientists are probably 
driving a lot of interdisciplinary collaborations, 

Mike Wininger is a good example. He studied maths 
and physics as an undergraduate, Butas.a graduate 
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student he says he “wanted something more than just 
solving equations for the sake of solving equations — a 
‘more human element’ So Wininger,a PhD student at 
Rutgers University, New Jersey, moved into biomedicine. 
He is now designing an image-processing system to sort, 
healthy embryonic stem cells from unhealthy cels, 
bringing mathematical rigour to the process. 

'wo years of Wininger’s graduate education were 
funded by the NSF's flagship interdisciplinary training 
programme, the Integrative Graduate Education and 
Research Traineeship (IGERT). The programme was 
launched in 1997 to “catalyse a change in graduate 
education” Some 150 colleges and universities hold five. 
year IGERT grants to train the next generation of 
interdisciplinary scientists, The programme is extremely 
‘competitive, with only about 5% of applying institutions 
‘winning funds, says programme director Carole Van 


Hartesveldt. A 2006 evaluation concluded that IGERT 
‘graduates had broader skill setsand were more oriented, 
towards identifying and solving specific problems 
advantages when hunting for jobs in industry 


Taking a risk 
Arizona State University is striving to create a model 
even more innovative and potentially risky than 
IGERT, according to Neal Woodbury, co-director of 
the new interdisciplinary graduate programme there. 
Students in the programme, which welcomes its first 
class this autumn, will have no home department. 
‘And, modelled after an approach taken by the 
university’s Biodesign Institute, studies are organized 
around pragmatic problems — for example, how to 
devise better renewable fuels — rather than a canon 
of science facts. Students wil also be involved in 
seeking funding to develop their work. Woodbury 
says that, based on pilot interdisciplinary programmes 
at the university, this ‘biological design’ PhD is likely 
to attract applicants who would never have pursued 
traditional PhD — for example, individuals sick of 
working in industry but who still want to solve bi 
problems. The dozen students in the 
first class have backgrounds ranging 
from bioengineering to chemistry to 
physics, 

Initial overview courses in 
interdisciplinary programmes arekey. 
Students from different disciplines 
must quickly get up to speed in each 
other's fields. At the MiB, which has 
tracks in molecular bioengineering, 
systems biology and biological 
mechanism and catalysis, students in a 
four-year PhD programme 
longer than the typical UK doctorat 
initially have several months of lectures 
actoss fields such as mathematical 
modelling, analytical science and 
informatics. Second-year student 
Shichina Kannambath says that the first 
year of training wasan essential base 
for embarking on her three-year PAD 
project, an imaging analysis of 
transcription factors in eukaryotes. The 
MiB has graduate programme funding 
only for the systems biology track, but 
its director, John McCarthy, hopes to 
get funding for the other tracks as wel 


Diana Rhoten (top) and 
Barry Bozeman are trying to 
assess how interdisciplinary 
centres really work. 


‘Anew breed: the Manchester Interdisciplinary Biocentre. 
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Richard Zare, chair of Stanford University’s 
chemistry department anda long-time 
interdisciplinarian, recalls his bitter experience in 

the 1960s asa young professor at the University of 
Colorado with joint appointments in physics and 
chemistry."As an untenured faculty member, it was a 
trap he says. "Each department regarded me in some 
sense asa spy from the other” He left after a few years. 
Although interdisciplinary work is gaining acceptance, 
old disciplinary silos still can impede and even 
discourage interdisciplinary aspirations. 


Obstacles ahead 

The risks of crossing departmental boundaries 

can be greatest for fledgling scientists. Tenure 

review committees can be a big obstacle, says 
Bozeman, as promotion criteria often fail to register 
interdisciplinary achievements. Ifa young researcher 
joins an interdiseiplinary research centre, the fruits 
of such labour — as measured by publications, for 
instance — mayot be readily apparent. “There 

is aort of double jeopardy that goes on,” says 

Alan Johnston, deputy director of the COMPLEX 
programme. Physicists, for example, might not see the 
point of the biological aspects and biologists might not 
see the point of the physics elements, he says. 

Arizona States Woodbury, on the other hand, plays 
down the risks of a poor publication record for 
Interdisciplinary students. Idealy, the students still 
specialize on some part ofthe interdisciplinary project, 
while staying part of the team, thus giving them a core 
expertise. “But you do have to train students not to take 
that problem and go into a corner and never come 
back,” Woodbury says. When studying the NSF centres, 
Rhoten found that researchers reported publications as 
Jess important benefit than the intellectual change 

ing. 
Woodbury is, however, a bit wary of how a PRD in 
biological design might be 
"We might have to modify our approach on the basis of 
how the students do,” he says. And 
Johnston notes that the shifts in research 
discipline that many interdisciplinary 
students undergo can make it harder to 
find postdoc positions. 

McCarthy is concerned about finding 
even-handed interdisciplinary peer review 
among funding bodies, He and others have 
‘commissioned a report from the Royal 
Society of Chemistry on the topic, focusing 
‘on the interface between chemistry and 
biology. Due to be released soon, the report 
finds in part that UK funding bodies have 
improved in this regard, but could get 
better. The US National Institutes of Health 
is considering forming review panels 
geared to evaluating interdisciplinary 
research proposals. 

Regardless, graduate students are likely 
to continue to act as the cement in 
interdisciplinary partnerships. “They 
don't know enough initially to be afraid of 
all the disciplinary problems of making 
programmes like this work,’ says 


they were experie 


eived by employers, 


= Woodbury. . 
Brian Vastag is a freelance science writer 
based in Washington DC. 
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Craig Hogan, director, Center for Particle 
Astrophysics, 


University of Washington, 
Seattle, Washington 
2002-05 Vice-provost 

for research, University of 
Washington, Seattle 
1995-2001 Chair, astronomy 
department, University of 
Washington, Seattle 


Craig Hogan was hooked on astrophysics the minute he 
Jearned that remnant heat from the Big Bang was still 
detectable. His wide-ranging contributions to the field 
Include the co-discovery of ‘dark energy’ — the mysterious 
force behind the acceleration of the expanding Universe. 
But he hopes that future experiments will reveal an as-yet 
undetected dimension of the Universe. 

“Craig has forged unusually original and versatile 
theoretical insights into astrophysics,” says Martin Rees, 
‘Hogan's PhD adviser at the University of Cambridge, UK. 
“Hf you look at any number of subjects — from dark energy 
‘to how the Universe began — you'll find the earliest papers 
are from Craig. 

After postdocs at the universities of Cambridge and 
‘Chicago and at the California Institute of Technology in. 
Pasadena, Hogan helped to build the first theoretical 
‘froup at the University of Arizona's Steward Observatory. 
There, he learned the inner workings of telescope-based 
‘experiments as they applied to theory projects. 

‘Hogan eventually joined the physics and astronomy 
department at the University of Washington in Seattle, 
‘where itwas easier tobridge his interest inthosetwo | 
fields. Despite the clouds and mountains, Washington 
hada telescope large enough to survey supernovae, key to” 
detecting dark energy. Hogan plays dawn the discovery. 
“The tension between the age of the the: 
velocity of the galaxies had suggested. gical 
constant for along time,” he says. The real surprise, he 
adds, was how well the experiment actually worked. 

Hogan's research focus now includes proposed space- 
based experiments such as the Laser Interferometer Space 
Antenna (LISA), designed to detect gravitational waves in 


‘would be like adding a soundtrack — and thatis potentially 
‘much more transformative to science asa whole than 
discovering dark energy.” 

‘As director of ermilab's Center for Particle Astrophysics, 
Hogan will push for LISA as wells for other new ways to 
‘explore the physics of gravity and space-time. Fermilab 
will need a new focus once the Large Hadron Collider in 
‘Switzerland makes the lab's Tevatron particle collider 
‘obsolete. “Fermilab is the premier high-energy physics lab 
inthe United States," says Hogan, “and gravity isthe one 
force of natureit hasn't yet studied.” . 
Virginia Gewin 
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The postdoc interview 


The following questions should help 
you get the most out of your postdoc 
interview and, with luck, out of your 
postdoc experience as well. 

* Ifthe project is independent, will 
yoube able to take it with you when 
the fellowship ends? Be wary of a 
‘conditional project’ — if you take on 
project X first, you will gt project ¥. 

* Will you be granted time to 
participate in postdoc council, take 
courses, learn new technologies, 
improve communication skills, and $0 
‘on? Does the mentor/principal 
investigator (PI) have funds for 
attending scientific meetings? 

+ How is authorship handled? How 
often and where does the lab publish? 
+ Where is the mentor along the 
tenure-track timeline? Senior Pls with 
productive track records are safer. But 
junior faculty members may be more 
‘eager to get more publications out 

* Will the mentorhelp you apply for 
small grants or fellowships? How 
stables the current funding? 

+ Isyour potential mentor receptive 
totollaborations with other labs? 

* How are research supplies acquired 
‘and financed? 

+ Will'you be able to meet lab 
‘fembers to talk freely about the lab 
and the mentor? A PI's pledges in the 
courtship phase might change once a 
commitment is made. 


* Can you contact lab alumni? Ifso, ask 
them for the five best and five worst 
things about working with the mentor. 
* |s productivity more important than 
the number of hours you work? 
+ What is the vacation schedule? Is 
there sick time? Is there a maternity/ 
paternity policy or leave? 
+ Does the mentor hold regular lab or 
individual meetings? An individual 
development plan helps answer these 
‘questions ina written, contractual 
format 
* Does the institution have a postdoc 
policy? Ifso, read it in detail, Are there 
postdoc term limits? 
* Does the institution have a postdoc 
office or association? If so, does it 
review all the offer letters to ensure 
the terms and stipend levels are fair? 
you walk away thinking, "If could 
change one or two major things, it 
would be great”, then keep on 
walking, Reflect on the interview, talk 
toyour mentors, andtrust your gut, m@ 
Kryste Ferguson is an academic 
coordinator at the University of 
Pennsylvania's Office of Biomedical 
Postdoctoral Programs. Ivonne Vidal 
Pizarrois a programme administrator 
at the American Association for 
Cancer Research. Reprinted by 
permission of the Society for 
‘Advancement of Chicanos and Native 
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Judging me, judging you 


‘Good morning” begin. “t's great tobe here presenting my latest research.” 
‘And itis good to bein front of faculty members and students, despite my 
sickening nerves. This s judgement day for getting a permanent faculty position, 

Someane rusties my handout as l unveil my wark, Invasions in heterogeneous 
environments’. Maybe handouts weren't such a good idea after al, Can! 
‘convey my interest, inspire people? Much as ina student lecture, scan faces 
for some feedback Nothing. So catapult everyone into my favourite results. 

The interview gets altogether more personal. How would Iteach ecological 
theory? With whom would | collaborate? What resources would | require? 
Now, 've done my homework. I've spent evenings reading the department's 
website. know their research, their courses, their future strategic plan’, the 
funding opportunities, and even some of theirhobbies. It helps me answer their 
‘questions, but it also helps me judge the department. | igure that this could be 
allong-term partnership, sod better know the place 

The implications are huge. For one, my partner and Ifinally could ive inthe 
same country if| get the position. Itry and keep a grip on my nerves by judging 
the department while they are judging me.| pose afinal question in my head. 
“Will yu take this researcher to be your lecturer?" Inow await their answer. 
Jon Yearsley isa senior postdacin evolutionary genetics at the University of 
Lausanne in Switzerland. 
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Sanctity 


Alllife is here. 


vather Bradshaw 


remember how Pieto’ voice and my foot- 
falls echoed slightly around his quiet words 
as I walked beside him to the vaults. 

“Of course, the calculations were quite 
troublesome, Generations suffered in 
exploration and verification of the embod. 
iments” 

{felt the weight of responsibility press at 
my shoulders. My duty was a grave thing 
indeed. "We have recorded every possi 
ble combination, even those that could 
not live and those that could 
not be embodied in math: 
ematical completeness, And 
we have recorded, as far as 
We can know, all those that 
have been lived... but you 
have studied in the Archives 
of Narrative” 

I nodded; they were a work 
ofthe utmost dignity. Historians 
and archaeologists had spent gen. 
erations building this memorial. 
Slowly they had pieced together 
what could be known of the ages 
before Awareness. Yet the archives, 
epitomized incompleteness, 

“But of those not yet lived 
we despaired. Ah, how we 
despaired! So many, so many 
cut short before reaching life, 
through the exigencies of life 
itself, primitivity. And then 
by the ignorance that must 
be forgiven. You remember, of courseyhow 
once there were such crowds that people 
chose ... chose not tolettheir buds flower” 

Well, not remember exactly. But I nod- 
ded again. It was astonishiiig that such a 
small proportion of the possibilities had 
been actualized in all the history of this 
life, 

After our devotions at the crucifix 1 
unlocked the great doors and Pieto moved 
over to the simulation boards. He did not 
even look at the airlock leading to the 
repository. 

“The answer to our despair,” he whis 
pered as his hands flew over the ebony 
surfaces of the boards, waking the light 
beneath 

I recall the intensity of these, his last 
words, each time I light the boards myself 
Moments after he spoke them we took 
our final parting and he transcended into 
a simulation of his choosing. I know not 
which, and I have never found a sign of 
him in any I have since visited. I would 


like to believe he lives on still within their 
ethereality, but | knew him well enough 
to realize that he went there to die and be 
mourned and buried, as was the wont of 
hiskind. So heis gone. And Lam left with 
the care ofall he held dear. 

‘There have been developments despite 
the previous running of the simulations. 
Some groups and forms I have split out 
and restarted in their own universes, where 
they have a better chance of developing 
their potential. Of course, the main cluster 
of mixed simulations I have kept running, 


with no little effort. But many of my new 
shoots are doing well, developing peace- 
ably and with fertile creativity, giving their 
forms the greatest chance of reaching their 
fullest potential, all of which is recorded 


here in our memory bank. 

Lest I should omit my errors, I record 
here that a universe of those with overly 
spiritual tendencies failed dismally des; 
three attempts at providing a suitable 
environment, and a universe of the most 
pragmatic of sorts also collapsed for lack 
ofimagination. But where personalities are 
well-balanced it seems many other features 
can be very poor. Ihave a universe here, 
running well and into its six-thousandth 
generation, where average lifespan remains 
a bare 18 years, cursed with disease; yet 
much has been achieved, happiness and 
gratitude are everywhere and reproduc- 
tion continues — all being alike, they see 
no loss. (Ido have to remove disease-free 
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‘mutants to another universe to prevent a 
crisis of inequality.) And one or two uni: 
verses Ihave closed, for no new, pre 
ously unexperienced combinations had 
appeared in over a thousand generations, 
Resources did not permit continuation of 
already recorded combinations, despite 
their subtly different narratives. ! hope 
1 will be forgiven for this. They could be 
restarted with ease, given more resources. 

With the closing of the human nano 
supported facilities here, the removal of 
the final avatar and the subsequent death 
ofthe body it represented: Pieto the Wise, 

the drain on ourlimited resources was 
much reduced. | myself take up 
buta fraction of the protection 
ahuman body would require, 
and my energy needs are neg. 

ligible in comparison with 
those of the simulations and 
the repository. Yet energy 
and time are limited. 

In simulation I have experi 
enced the emotions of a human 
being, and borne their individ 
ual and collective burdens to the 
extent my designed-in limits per- 
‘mit me. I feel now, to some very 
small degree, that my distress 
is analogous to that which a 

human might have felt in this 

situation. This is why now 

I begin to understand why 

Pieto felt such attachment to 

the simulations, and indeed 
such temptation to enter their worlds of 
promise and hope. But I cannot take that 
escape now, if ever, for I was created to 
avoid that temptation, And in my distress 
Thave turned toa strange and very human 
recourse, to keep a record of my own path 
and progress, a record that will at least be 
as safe and protected here as anything else 
value. Here I record what I must face, 
unfit as 1am for the purpose, ignorant of 
assistance for which I do not dare hope. 
Thisis my duty that my will must enforce. 
Over the years to come I must struggle to 
preserve the only life I have known: the 
complete record and exemplification in 
simulation of the combinations of the DNA. 
ofthe human species. I must preserve the 
Sanctity of Life. . 
Heather Bradshaw is studying for her PhD 
in bioethics in Bristol. Her earliest 
memory of creative writing is describing a 
monsoon storm at midnight using a blunt 
pencil ona construction site in Pakistan, 
aged six. 


